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PREFACE
The work described in this thesis was carried out in the 
University of Glasgow during the period October 1950 - May 1955 
end consists of an investigation of a number of photonuclear reactions 
in elements of low atomic number using a Wilson cloud chamber as 
detector* This investigation was initiated by Mr. J. R. Atkinson 
and had, as underlying aims, the study of the potentialities of the 
cloud chamber as a tool in photonuclear investigations and the 
gaining of experience in the problems associated with the operation 
of a cloud chamber in conjunction with a high energy electron 
synchrotron. As a result this thesis discusses the results obtained 
both in terms of their intrinsic physical interest and in terms of 
the above aims.
In Chapter I the techniques and outstanding experimental results 
of low-energy photonuclear investigations* and the theories which have 
been advanced to account for these observations are reviewed critically* 
This review covers results published before the end of 1951 *^ <1 includes 
some later results which were of importance in the planning of the 
last experiment described in this thesis. In keeping with the above 
aim Chapter I not only provides the background required for the 
discussion of the physical significance of the results obtained but 
also represents an examination of the potentialities of other 
techniques. This examination leade to the expectation that the
*i.e. , investigations dealing with reactions initiated by 
quanta of energy up to 100 Mev.
cloud chamber will provide data not obtainable otherwise. The 
reasons for the choice of the three elements whose photo­
disintegration has been studied in this investigation, namely 
Helium, Nitrogen and Neon, are given as a conclusion to this 
chapter. The remainder of the thesis follows the natural order in 
chapters dealing with the apparatus and experimental method, the 
He^ ( ft,p) reaction, the photodisintegration of Nitrogen and the 
( J ( Tf^p) and ( reactions in Neon. The discussion
of these experiments includes a consideration of related results 
published subsequently. The final chapter summarizes the conclusions 
reached and lists possible future experiments. Examples of the cloud 
chamber tracks obtained are collected together in a separate atlas* 
These photographs are referred to as Plates to distinguish them from 
the other figures in the thesis.
The only earlier photonuclear investigations to make use of the 
cloud chamber technique are the pioneer and later work on the photo­
disintegration of deuterium (Ch 37# Pb 50) ®m<l the work of 
Gaerttner and Yeater on the photodisintegration of various ligfrt 
nuclei. The results of these last workers were published during 
a period extending from a little before to some 12 months after the 
start of the work described here. As the technique used in this 
work wasf in practically all respects, developed quite independently 
of the work of Gaerttner and Yeater the work described here is, in 
essence, completely original. In the region where the results of the
two investigations overlap the results of this work are more 
comprehensive than those obtained by Gaerttner and Yeater* The 
details are given in the appropriate parts of the text*
As is natural in an investigation of this type the whole 
of this work has been carried out in collaboration with other 
members of the department* The work on Helium follows a 
preliminary investigation by Mr. J* R. Atkinson and was carried out 
in collaboration with Mr. J. M. Reid, Mr. Reid was responsible for 
the synchrotron and for the circuits linking it to the cloud chamber 
while the author was responsible for the operation of the cloud 
chamber, for the design and construction of cameras and 
reprojection equipment and for the analysis. In November 1951* the 
author was joined by Mr* D. R. 0* Morrison who assisted in the
concluding stages of the work on Helium and shared equally in the
experimental work on Nitrogen and Neon and in the analysis of the
Nitrogen results. The author was responsible for the planning
of both the Nitrogen and the Neon experiments. The analysis of the 
Neon results was carried out by Mr. G. I* Crawford and 
Miss M. B. IfcClements under the supervision of the author* This 
analysis made use of a technique developed by the author for the 
atereographic measurement of cloud chamber tracks 1 or 2 mm long.
In conclusion I should like to thank Professor P, I. Dee 
for affording me the facilities of his department and for his 
stimulus and encouragement, Mr. J* R, Atkinson under whose
immediate supervision this work has been carried out, all those 
named above who have shared this work with me and Dr. D. Greene, 
Dr. K. G. McNeil and Mr. J. C. W. Telfer who cheerfully assisted 
in running the synchrotron. I am indebted to the Australian 
National University of the award of a Research Scholarship during 
the period up to August 1953 aad to the Nuffield Foundation for a 
Research Grant from September 1953 to September 195*4.
This chapter contains a review of the experimental and 
theoretical investigations of photonuclear reactions produced by quanta 
of energy less than 100 Mar* Its aim is to assess the possibilities of 
using the cloud chamber for photonuclear investigations* The field 
covered includes all photonuclear reactions except the photodisintegration 
of the deuteron and photofission* The photodisintegration of the 
deuteron was excluded because the existing experimental and theoretical 
results were in reasonable agreement and the cloud chamber is clearly 
not suited to providing the high statistical accuracy needed for 
improved results* Photofission was omitted because it is regarded as a 
reaction of very specialized interest. Since this is intended to 
provide the background for the investigations reported in this thesis 
it deals only with material published before the end of 1951. The 
general picture of photonuclear processes which is derived from this 
material was not altered in its essentials by material published during 
the course of these investigations.
This chapter also contains a discussion of some later results
of particular interest and an outline of the reasons for choosing to
study the He*(Y,p) reaction, the photonuclear reactions in and the
20(Y,a), (Y,2a) and (Y,ap) reactions in He •
1* MEASUREMENT OF PHOTONUCLEAR CROSS SECTIONS AND YIELDS
Chapter I
SURVEY OF PHOTONUCLEAR INVESTIGATIONS
The energy dependence of the cross section has been measured
for 17 (Y,n) reactions and 8 (Y,p) reactions for quantum energies up 
to 27 Mev. All these measurements have used X-rays from an electron 
accelerator as the source of high energy quanta* These X-rays provide 
the highest intensity source of such quanta and have the advantage that 
they are the only source for which the energy can be varied over a wide 
range. They have the disadvantage of a continuous energy distribution 
and this limits the accuracy of the cross section measurements. For 
this reason the method used is discussed in some detail in § 1 (a) and 
1 (b). For a number of reactions for which a full cross section curve 
has not been measured there have been measurements of the reaction yield 
for X-rays of a single energy. This yield data is reported in cases 
where it provides additional information*
1 (» ) (Y.n) Croes Section Measurements.
The (Y,n) cross section measurements have all used the 0 
activity of the product nucleus as a measure of the number of 
disintegrations. This method has the advantage that the parent nucleus 
can be identified uniquely and also, since the disintegration is 
detected some time after the irradiation, there are no difficulties due 
to the background of neutrons and softer X-rays accompanying the main 
X-ray beam. While all (Y,n) cross sections cannot be measured in this 
way there are quite a large number of nuclei with suitable radioactive 
products so that a reasonable survey is possible.
All cross section curves measured to date have the same 
general shape| namely a fairly rapid rise to a maximum value followed by 
a decrease to a small value at some 12 Mev above the threshold. As a
general rule the curve is more or less symmetrical about the position 
of the maxi mum which shifts to lower energies as Z increases. The 
"half width" is substantially constant and independent of Z while the 
integrated cross section increases fairly rapidly with increasing Z.
( i )  Yield Curve Method.
The method of determining photonuclear cross sections 
from measurements of the yield as a function of X-ray energy was 
introduced by Baldwin and Klaiber (Ba 48) and has been considerably 
developed by the workers at the University of Saskatchewan (Jo 50). 
Measurements by other workers have generally followed their technique 
which is described below.
The samples were irradiated in a cavity in the centre of a 
lucite block (8 cm. square section) and the resultant activities were 
measured for a series of X-ray energies. Statistical errors in the 
activity measurements were generally less than 2$ and the X-ray energy 
was stabilised and measured to within 0.1 Mev. The X-ray monitor was 
calibrated against an r meter placed in the same cavity as the sample. 
Corrections to the measured activity for backscattering and self 
absorption were determined in separate experiments with samples of 
varying thickness.
The cross section was determined by solving the integral 
equation E
Y(E) -  /o-(E*)H(E',E) dE'
where N(E*fE) is the number of quanta between E* and E1 + dE1 for a 
peak energy E. Since the values obtained for the cross section depend
4-
essentially on the slope of the yield curve even small errors in this 
curve lead to large errors in the cross section* Johns et al (Jo 50) 
report that errors in the yield curve produced fluctuations in the 
calculated values of the cross section and they therefore smoothed 
their experimental values to obtain a smooth cross section curve* The 
method is therefore incapable of providing energy resolution of better 
than 1-2 Mev* Johns et al reported that, as a test, they tried to 
resolve two rectangular cross sections 1 Mev in width and separated by 
2 Mev and found it impossible to do so*
In the yield curve analysis the following assumptions were
made -
(1) The X-ray spectrum is given by the theoretical formulae 
derived by Schiff (Sc 51) for the thin target X-ray intensity in the 
forward direction.
(2) In calculating the response of the r meter it was assumed 
that the thickness of the Incite wall was such that the primary
X-radiation was in equilibrium with the secondary electrons produced*
This condition cannot be satisfied exactly for quanta whose energy is 
greater than 2 or 3 Mev* The wall thickness used (4 cm* lucite which 
is equal to the mean range of the electrons produced by 25 Kev 
betatron X-rays) was evidently chosen as the best compromise* Comparison 
with yield measurements using absolute methods of measuring the X-ray 
intensity (see p* 7 ) shows that the errors due to this assumption are 
not large*
Published spectrum measurements (Po 51, K6 50) indicate that
Table 1,1
Summarized Results of (Y.n) Cross Section Curve
Measurements
Parent
Isotope
Threshold Posn. of 
Max.
"Half
Width"
IT■ay fl­int Max.X-ray
Energy
ATailable
Ref.
Her Mr Her mb. Marr-
bara
m*
c12 18.7 22.4 4.25 11.6 0.047 27 Ha51c
B14 10.8 21.5 - - - 27 Ho51
%24 16.8
(calc.)
19.4 5.1 11.1 0.064 27 Ka51a
Al27 14 19.2 4.7 8.2 0.045 27 «*
12.4 19.0 7.5 17 t2 0.120 27 Ka51b
f t 5 4 13.8 18.3 5.7 67 16 0.42 27 Ka51©
Hi58 12.0 18.5 4.6 60 16 0.33 27 n
Cu63
i-10.9
17.5
17.5
6
6.0
100
100
0.6
0.63
20.8
27
Di50
Jo50
Cu65 10.2 19.0 ? 6.0 160 1.26 27
_ 64 Zn 11.6 18.5 7.1 120 t  
10
0.83 27 Ka51c
Mo92 13.1 18.7 - 175 1.05 27 Mo5L
MO100 -10 ? —17 - - - 23 Du 50a
V °7 ~9.5 16.0 4 >160 >0.82 20.8 D150
A«109 9.3 16.0 4 320 1.65 20.8 m
Sb121 9.3 14.5 5.5 >210 >1.2 27 Jo50
Sb123 9.3 14.5 5.5 340 2.0 27 m
Ta181 C7.7 ±
j 0.2
V8.0
14.5
13.5
8
4.5
>130
>7*
>1.0
>0.39
20
27
Me 49
Jo50
Fig. 1.1
Examples of (Y#n) cross sections measured by the yield 
curve method at the University of Saskatchewan.
5~
provided the radiation is thin target radiation its spectrum is in
accordance with the Schiff formula** However since there is no
published data on the type of target used and since, for these energies,
it is very difficult to ensure that the electrons nake only one traversal
of the target the use of the Schiff formula can only be regarded as a
63reasonable approximation* By solving the Cu (Y,n) yield curve using
three different assumptions for the spectrum shape Johns et al showed
that an error in the spectrum shape produced little change in the
integrated cross section, a small error in the position of the maximum
and an appreciable error in the half width*
(ii) (V*n) Cross Section Results*
The characteristics of the cross section curves
measured to date are summarized in Table 1*1* As has been mentioned
all cross section curves have a single maximum** (for examples see
Fig* 1*1)* They show the following general features*
(a) Vithin experimental error the cross section curves
are practically symmetrical about the position of the maximum. C (Y,n) 
54/ \and Fe (Y,n) are exceptions to this rule and both have a sharp rise
*Koch and Carter (Ko 50) find that their experimental spectrum 
contains slightly more quanta in the middle energy range than the 
theory predicts. This difference can be accounted for in terms of 
experimental inaccuracies since there appears to be nothing to stop the 
electrons making several traversals of the target, which would therefore 
be equivalent to a moderately thick target producing fewer high energy 
quanta than predicted by theory. The absence of the expected additional 
quanta below 10 Mev is attributed to the tendency to miss low energy 
electron pairs. An analysis of their data on the distribution of energy 
within the pairs indicates that this is quite probable.
**Phis maximum is usually referred to as the giant resonance.
£ Ca.
Fig. 1.2
Experimental values (as at November 1951) of the 
integrated cross sections for (Y,n) reactions plotted 
as a function of Hz/A. The straight line is the 
theoretical prediction of Levinger and Bethe (Le 50)
for / <5~^  .p. dE, where is the cross section for
g  J £ # J /e  il ie J J e
electric dipole transitions summed over a ll  
photonuclear reactions.
and a longer tail. This behaviour is probably associated with the 
high (Yfn) thresholds in these two cases.
(b) The difference between the threshold and the 
position of the maximum is more or less constant and independent of Z9 
the average value being 6 Mev (extreme values 4 and 8 Mev).
(c) The half width is also more or less constant with 
an average value of 5.4 Mev.
(d) The integrated cross section is plotted as a 
function of NZ/k in Fig. 1.2. The straight line is the theoretical 
value for the integrated cross section for all nuclear photon absorption 
processes. The two sets of data are consistent with a picture in which, 
for light nuclei, the (Y,n) reaction is only one of a number of equally 
important processes while for heavy nuclei it is the dominant process.
1 (b) Comparison with Measurements of Belated Quantities.
(i) Measurements of the Mean Photon Ehergy and Integrated 
Cross Section.
Several workers have measured the mean energy of 
quanta producing (Yfn) reactions by studying the absorption of betatron 
or synchrotron X-rays using the activity produced by some of the above 
(Y,n) reactions as the X-ray detector. The mean energy determined in
this way is the mean value of a function involving the X-ray absorption 
coefficient and the product of the X-ray spectrum and reaction cross 
section. It is expected to be lower than the mean energy determined 
from the cross section curve but because the cross section is confined 
to a relatively narrow band of energies the difference will be small.
Table 1.2
"Mean" Energies of Photons Producing (Y.n) Disintegrations 
and Integrated Cross Sections deduced from them
Parent
Isotope
Mean Photon 
Energy
Integrated 
Cross Section
Max. Energy 
of X-rays
Method 
(see note 
below)
c12
Mev
f22.1 1 1.5
Mev-bam. Mev
50 A
28 0.086 50 B
I^  27 0.090 322 C
( C 12 23*5 0.047 27 3> )
Cu63
(17.2 t  0.4 — 50 A
1 9
0.77 t 0.15 46 B
L 18 0.76 322 C
(Cu63 17.5 0.63 27 D )
Cu65 — 19 ^0.99 322 C
( Cu65 19 7 1.26 27 D )
Zn64
I 1 8
0.77 ~  50 B
I 19 ~  0.68 322 C
( Zn64 18.5 0.83 27 D )
V 0 7 16 — 322 C
( A*107 16.5 — 20.8 D )
Methods uaed
A -  measurement of absorption coefficients in two different 
elements*
B -  measurement of absorption coefficients in a number of 
elements*
C -  measurements of bremsstrahlung transition curves in lead* 
D -  results from the (Y,n) cross section curve measurements*
The following measurements hare been made* Koch et al
(Ko 51) measured, in good geometry, the absorption coefficient in
.  ■
lead and aluminium of the X-rays producing (Y,n) reactions in C and
/• r a
Cu • L. Marshall (Ma 51) made a similar measurement for Cu (Y,n),
63 12Zn (Y,n) and C (Y*n) using a number of absorbers (Z ranged from 4 to
50)• Strauch (St 51) obtained a number of mean energies by measuring
transition curves in lead, for 320 Mev X-rays, using induced activities
as detectors* It has been shown ($y 51) that the mean energy can be
obtained from the area under the transition curve*
Marshall et al (Ma 51a) and Strauch (St 51) have also obtained
approximate values far the integrated cross sections by assuming that
the photons producing these reactions are concentrated in a narrow band
about the mean energy* The integrated cross section can then be deduced
from the number of photons per unit energy interval at the mean energy,
the measured activity and the X-ray intensity* These measurements
provide a particularly useful check since the X-ray intensity
measurements were made using a method (B1 50, Ma 51a) which gives a
reliable absolute determination of the X-ray intensity*
The mean energies and integrated cross sections are listed
in Table 1*2* Comparison with the values deduced from the cross section
12curves (in brackets) shows good agreement in all cases except C • This 
disagreement may be due to experimental inaccuracies in the measurement 
of the C^(Y,n) cross section curve or alternatively it may indicate 
that this cross section has a much longer tail than those of other 
elements •
(ii) (Y,n) Yield® for 50 and 100 Mev X-ray®•
Perlwa-n and Friedlander (Pe 48, Pe 49) uaed the 
radioactive product method and X-ray® of 50 and 100 Mev to measure 
the yield® of a number of (Y,n) reactions • These yields were 
corrected for absorption and backseat taring and sere expressed as 
yields relative to the yield for the N**(Y,n) reaction* These 
workers found that the relative yields are the same for both 50 and 
100 Mev X-rays which indicates that either all (Y9n) cross sections 
have the same relative variation in the range 50 - 100 Mev or else 
the cross sections are vanishingly small above 50 Mev* Since the 
cross section measurements show that these cross sections have fallen 
to a small value by some 12 Mev above the threshold this suggests 
that these cross sections remain small at higher energies*
From this comparison it can be seen that the experimental 
data forms a consistent picture and indicates that the broad features 
of the cross section curves are fairly well established, i.e. 
practically all (Y.n) disintegrations occur within 12 Mev of the 
threshold} the cross section has & single maximum more or less 
symmetrically placed within this region and, in general, the integrated 
cross section increases fairly rapidly with increasing Z* The accuracy 
with which the absolute magnitude of the cross sections has been 
determined depends on the accuracy of the corrections for self 
absorption and backscattering* A comparison of the corrections used 
in the various cross section measurements and in the relative yield 
measurements of Perlman and Priedlander shows considerable variations
q  Ol
Pig. 1.3
Comparison of photoneutron yield measurements made by 
Terwilliger et al. (Te 51) (330 Mev Berkeley data) and 
Kerst and Price (320 and 22 Mev Illinoie data, (Ke 51) 
and (Pr 50) respectively).
9in these corrections and so indicates errors ^  30J&*
1 (c ) Photoneutron Yield Measurements*
Price and Kerst have measured the neutron yields from a 
number of targets irradiated with X-rays of 18, 22 (Pr 50) and 320 
Mew (Ke 51). Terwilliger et al (Te 51) have made similar measurements 
with 330 Mev X-rays* These yields are equal to the yield ( (T,n) ♦
(Y,pn) + 2(Y,2n) + ••••)• For the heavier elements they provide a
good indication of the behaviour of the total photonuclear cross 
section since, because of the coulomb barrier, the (Y,p) cross section 
will be small for these nuclei*
Both sets of workers use neutron counters that are similar 
to, but not quite identical with, the long counter of Hanson and McKibben 
(Ha 47) which is uniformly sensitive to neutrons of energy up to 5 Mev* 
The 330, 320 and 22 Mev yields are plotted in Fig* 1*3 where the results
of Price and Kerst have been normalised to those of Terwilliger et al
at Z * 82* The general agreement between the 320 and 330 Mev data is 
evidence for the reality of the trends shown* However it should be 
noted that there are systematic differences between the two sets of 
data which indicate that the neutron counters used have a somewhat 
different energy response**
*For the normalised 320 and 330 Mev yields Price and Herat's 
figures for light nuclei are consistently 30g6 lower than those of 
Terwilliger et al. The obvious explanation for this is in terms of the 
Z dependence of the mean neutron energy and a difference in the energy 
response of the two counters* Also, since both sets of workers make 
absolute measurements of the X-ray intensity, the factor of 1*27 
required to normalize the 320 Mev data to the 330 Mev data implies a 
27fo discrepancy in 1he beam energy and neutron counter calibrations*
intensity
Table 1,3
Summarised Results of (Y»p) Cross Section 
Measurements
Parent
Isotope
Threshold Position 
of Max.
"Half
Width"
r max i^nt Max.X-ray
Energy
available
Ref.
Mev Mev Mev m b . Mev-
b&m.
Mev
00rHo 16.0 - 0.3 24 - 37 S 
19
0.15 1 
0.1
25.5 St 51b
-«2S 10.6 20.5 4.5 13.7 t  
7
0.0561 
0.028
24 To 51
j«g26 14.2 22.6 3.3 21.8 0.096 27 Xa 51a
/ o
The following features of the results are of interest -
(1) For medium and heavy nuclei the yields vary quite
smoothly from element to element. For 22 Mev X-rays Price and Kerst
2 1find that the yield is proportional to Z '  , while for 330 Mev X-rays
1 7Terwilliger et al find a Z * dependence. The yield from nickel is 
an exception! all workers find that the neutron yield from nickel is 
about half that for neighbouring elements.
(2) For light elements the yields are much smaller and also 
fluctuate considerably, the yields from elements of odd Z being greater 
than those for even Z. This result can be explained in terms of 
competition from the (Y.p) reaction (see He 51). The (Y.p) cross 
section should be significant for light nuclei and the ratio of the 
(Y.p) and (Y.n) cross sections is expected to depend on the relative 
(Y.p) and (Y.n) thresholds which fluctuate regularly with Z.
(3) Terwilliger et al measured the transition curve in lead 
for the quanta producing photoneutrons in lead. Their curve 
Indicated a mean quantum energy of approximately 15-20 Mev.
1 (d) (Y.p) Cross Section Measurements.
Since most (Y.p) reactions lead to stable products the 
residual activity method is of limited usefulness in the measurement 
of these cross sections and only three (Y.p) cross sections have been 
measured using this technique. These results are summarised in Table 
1.3. All three curves are similar to the (Y.n) cross section curves 
with a single maximum a few Mev above the threshold, but have a more 
gradual rise to this maxi mum which is also slightly further displaced
//Cl
Fig. 1.4
Integral pulse height distributions obtained by Mann 
and Hal pern (Ma 51c) in their photoproton yield 
measurements using scintillation counters. The tail 
of larger pulses is attributed to protons and the 
large number of smaller pulses to electron pile up. 
The integral pulse heigit distribution is the number 
of pulses larger than a given voltage V9 plotted as a 
function of V.
//
from the threshold -than in the case for the (Y,n) curves* Although 
this is just 1*1 at would be expected if the (Y,p) cross section curve 
had inherently the same shape as the (Y#n) curve with the first 10 Mev 
or so reduced by the effect of the coulomb barrier there is clearly not 
sufficient evidence to conclude that this is generally true*
1 (e) Photoproton Yield Measurements*
(i) Photoproton Measurements with Counters*
Mann and Halpem (Ma 51c) have used a scintillation 
counter fitted with a ZnS screen to measure the proton yields from 
twenty elements izradiated with 23*5 Mev X-rays• Since ZnS gives much 
larger pulses for single protons than for single electrons it ist in 
principle, quite possible to separate the photoproton pulses from the 
background of electron pulses* However Mann and Halpem found that, 
even with elaborate shielding, the number of electron pulses is so 
large ihat they pile up within the resolving time of the counting system 
and may produce pulses comparable with or larger than the proton pulses* 
Since the half width of the X-ray pulse im only 0.5 |is these workers 
did not attempt to shorten the resolving time but operated the betatron 
at a reduced X-ray intensity in order to limit the amount of pile up*
They separated this background by measuring the integral pulse height 
distributions which had the form shown by the examples in Fig* 1*4* The 
tail of larger pulses was attributed to protons since the particles 
producing them were not absorbed by 0*00035" Al (and therefore could not 
be a particles) but were absorbed by 0*0027" Al (and therefore were not 
electrons or neutrons)* The large group of smaller pulses was attributed
Fig. 1.5
Fhotoproton yields measured by Mann and Halpem 
(Ma 51c). These workers hare since revised their 
corrections for absorption in the foil target and 
report (Ha 51) that the yields are ZOjL less than the 
values plotted. The ourve is a smoothed fit  to the 
22 Mev neutron yields measured by Price and Kerst 
(Pr 50).
ato electron pile up. They estimated the proton yield by subtracting 
these background pulses (assuming an exponential fa ll off with pulse 
height) and extrapolating the difference back to zero bias. In 
calculating the yields Mann and Halpem had to make corrections of 
slightly more than a factor of 2 for the absorption of protons in the 
target (the targets used were approximately 5 Mev thick). They 
originally estimated these corrections using a proton spectrum of the 
form found by ^yerly and Stephens (ity 51) for copper but have since 
(Ha 51) reduced the yields corrected in this way by 30$ in order to 
bring them into better agreement with measurements of the variation of 
yield with target thickness* These measurements were made for three 
thicknesses of aluminium and two of copper.
The measured yields are plotted in Pig. 1.5 and should be 
reduced by 30$ to bring them into line with the revised absorption 
corrections. The fall off in yield for hi$ier Z can be directly 
attributed to the effect of the coulomb barrier. Comparison with the 
neutron yield data of Price and Kerst for 22 Mev X-rays shows that a 
low neutron yield corresponds to a high proton yield and vice versa  ^
which is further evidence for the smooth variation of the total 
photonuclear cross section. The outstanding example of this is nickel 
which had an exceptionally low neutron yield and has the hi^iest 
proton yield. For light nuclei the proton yields are about twice the 
neutron yields but it is possible that this difference may be due to 
experimental errors.
Comparison of these results with those of workers who used
Table 1.4
Comparison o f  P h otop roton  Y ie ld  M easurem ents 
w ith  Data from  N u clear  E m ulsion E xperim ents
Elem ent
Mann and H alp em N u clea r  E m ulsion Experim ents
Y ie ld *  a t  
2 3 .5  Mer
Y ie ld * X -ray
Energy
R eference
Mg 4 .8  t  1 .1 1 .9  ± 1 .4 22 Mev To 51
A l 1 .0 1 7 .1  Mevl
1 .7 2 0 .8  MevJ Di 50
Henoe i n f e r
5 .8  t  1 .4 [ ~ 2 . 5 2 3 .5  Mev]
Cu 6 .9  t  1 .4 1 0 .7 24  M By 51a
Ag 3 .5  ± 0 .7 1 .2 2 0 .8 Di 50
*Photoproton y i e l d  in  u n it s  o f  105 p r o to n s/mole/rm
T able 1 .5  
P h otoproton  Croaa S e c t io n  M easurements 
o f  H alp em  and Kann
Elem ent Energy  
o f  Peak
<rsa x "H alf­Width" ° i n t ^ in t ( Y ,n )
IfefV mb. Mev M ev-bama Mev-bama
C 2 1 .5  *  0 .5 3 4  1  8 1 .7  ±  0 .5 0 .0 6 3  ±  0 .0 1 6 0 .0 4 7
Al 2 1 .2  i  0 .5 22 ± 6 5 .4  ± 0 .5 0 .1 2  ±  0 .0 3 0 .0 4 5
Ni 1 8 .7  t  0 .5 5 6 - 1 5 5 .4  ± 0 .5 0 .3 2  ±  0 .0 8 0 .3 3
Co 2 1 .5  ±  0 .5 24 t  6 5 .7  t  1 .0 0 .1 4  ±  0 .0 4 -
Cb 2 1 .3  t  0 .5 18 i  5 6 .6  t  1 .0 0 .1 2  t  0 .0 3 -
Table 1 ,6  
R e la t iv e  (T .p )  Y ie ld s  from  th e  A c t iv i t y  
Measurements o f  Perlman and F r ie d la n d e r
P aren t I so to p e R e l. Y ie ld  
(H1 4 (Yf n ) -  1 .0 0 )  
50 Mev
B e l .  Y ie ld  
( l 1 4 (Yf n )  -  1 .0 0 )  
100 Mev
S i 30 6 .6 5 .8
Pe57 7 .6 7 .6
N i62 5 .0 5 .4
Ge74 - 2 .5
3 .1 5 .0
Ru102 3 .6 3 .7
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n u c le a r  em u lsion s t o  d e t e c t  p roton s e m itte d  from m eta l f o i l s  p ro v id es  
a ch eck  on t h e i r  accuracy*  The r e le v a n t  d ata  i s  g iv e n  in  T able 1 .4 »
When a llo w a n ce  i s  made f o r  th e  d if f e r e n c e s  in  X -ray  en ergy  th e  y ie ld s  
o f  Mann and H alp em  a r e  ab ou t a  f a c t o r  o f  two g r e a t e r  th an  th e  y i e ld s  
m easured by n u c le a r  em u lsion s fo r  a l l  c a s e s  e x c e p t th e  measurem ents 
o f  B y er ly  and S tep h en s cm cop p er.
H a lp em  and Mum (Ha 51) have u sed  th e  above tec h n iq u e  to  
m easure f i v e  (Y#p r o to n ) c r o s s  s e c t io n s  by th e  y i e l d  cu rve  m ethod. The 
sh ap es o f  th e s e  c r o s s  s e c t io n  cu rv es  a r e  s im i la r  to  th o se  found fo r  th e  
(Y ,n ) and o th e r  (Y#p ) r e a c t io n s  and th e  r e le v a n t  p aram eters a r e  g iv e n  
in  T ab le  1 .5  to g e th e r  w ith  th e  in te g r a te d  c r o s s  s e c t io n  f o r  th e  (Y ,n )  
r e a c t io n  where t h i s  has been  m easured. In v ie w  o f  th e  so u r c e s  o f  e r r o r  
m entioned above and th e  f a c t  th a t  th e  q u oted  e r r o r s  in  t h e  y i e l d  p o in ts  
a r e  ±  5$  i t  i s  f e l t  th a t  th e  e r r o r s  q u oted  by H a lp em  and Mann a r e  
prob ab ly  o p to m is t ic .
( i i )  Measurements o f  R esid u a l A c t i v i t y .
D uring t h e ir  r e l a t i v e  y i e l d  m easurem ents Perlman  
and R ried lan d er (P e 4 8 , Pe 4 9 ) measured th e  y i e l d s  ( r e l a t i v e  to  th e  
y i e l d  f o r  o f  s i x  (Y9p) r e a c t io n s .  T h e ir  r e s u l t s  a r e  g iv e n
in  T ab le  1 .6 .  The 50 Mev and 100 Mev y i e l d s  a r e  a p p ro x im a te ly  eq u a l 
s u g g e s t in g  th a t  th e  c r o s s  s e c t io n s  a r e  sm a ll a b o v e  50 Mev. The r e l a t i v e  
v a r ia t io n  o f  th e  y i e l d s  i s  in  good agreem ent w ith  th e  r e s u l t s  o f  Mann 
and H a lp e m .
n
1 ( f )  (Y .p ) C ross S e c t io n s  f o r  p ♦  L i Y -r a y s .
H ir z e l and W Rffler (H i 4 7 ) have measured th e  c r o s s  s e c t io n s
M easurem ents.  by H ir a e l and W a ff le r , o f  (Y .p )
7
C ross S e o t io n s  f o r  p ♦  L i . Y-Rays
14  CL
Table 1.7
P aren t R e la t iv e I  ( * .p ) £  ( t , p )
I so to p e (Y ,p ) C ross  
S e c t io n r  (Tf n )  
E x p tl.
r  (r ,n)
T heor.
•te25 2 .8 3
• %26 1 .5 6
S i 29 3 .4 5
S i3 0 1 .2 6
T i80 1 .6 2 0 .0 5 4 0 .0 1 2
Cr53 8 .1 0 .3 2 4 0 .0 4 7
s .77-- 4 .8 0 .0 4 8 2 .0  x  10- 3
Ho98
• i *
3 .5 0 .0 2 8 1 . 4  x  ID"3
pa105 7 .3 0 .0 5 5 7 .7  x  10- 4
Cd111 4 .4 0 .0 3 4 2 .9  x  10- 4
Cd112 5 .3 0 .0 4 0 1 .0  x  10- 3
Cd113 6.0 0 .0 4 6 5 .4  x  10- 4
Sn117 2 .9 0 .0 2 2 1 .4  x  10- 4
s„118 1 .5 0.011 1 .8  x  10"4
)4 -
( r e l a t i v e  t o  th e  Cu (Y ,n ) c r o s s  s e c t io n )  o f  a  number o f  (Y ,p ) and
(Yf n ) r e a c t io n s  produced by th e  p + L i Y -r a y s • The r e s u l t s  w ere
a n a ly se d  by a  method which p erm itted  th e  u se  o f  th ic k  c y l in d r ic a l
samples w ith  a co n seq u en t in c r e a s e  in  a c t iv i t y *  Three in d ep en d en t
ex p e r im en ta l m ethods were used  t o  e l im in a te  th e  d is tu r b in g  e f f e c t  o f
( n ,p )  r e a c t io n s *  T h e ir  r e s u l t s  a r e  l i s t e d  in  T able  1*7 and show a
s im i la r  v a r ia t io n  w ith  Z t o  th e  m easurem ents r ep o r ted  above* For th e
medium and heavy n u c le i  H ir z e l and V ftf f le r  compared t h e i r  r e s u l t s  w ith  th e
p r e d ic t io n s  o f  th e  s t a t i s t i c a l  th eo ry  by c a lc u la t in g  th e  r e l a t i v e  numbers
of p roton s and n eu tro n s  e m itte d  from th e  compound n u c le u s  and com paring
t h i s  w ith  th e  e x p e r im e n ta lly  measured r a t io  o f  U" (Y#p ) to  X T (Y ,n) f o r  a
n e ig h b o u r in g  n u c leu s*  ( i n  no c a se  w ere th ey  a b le  t o  measure b o th  fa r
th e  same n u c le u s )*  In making th e  t h e o r e t ic a l  e s t im a te  i t  i s  n e c e s s a r y
50 53t o  know th e  b in d in g  e n e r g ie s  q u it e  a c c u r a te ly *  For T i and Cr H ir z e l  
and fl&ffler o b ta in e d  th e  b in d in g  e n e r g ie s  from th e  n u c le a r  m asses (Po 40) • 
For o th e r  n u c le i  th e y  c a lc u la t e d  what th e y  c o n s id e r  to  be an upper l i m i t  
t o  th e  p r o to n -n eu tro n  r a t io  by p u tt in g  th e  n eu tro n  b in d in g  en ergy  eq u a l 
to  7*5 Mev* and u s in g  th e  3 -r a y  en ergy  t o  g iv e  th e  d i f f e r e n c e  in  n eu tron  
and p ro ton  b in d in g  e n e r g ie s .  T hese t h e o r e t i c a l  e s t im a te s  a r e  l i s t e d  in  
T a b le  1*7 and a re  l e s s  th an  th e  ex p er im en ta l v a lu e s  b y  a  f a c t o r  o f  10 -  
100* S c h i f f  (S c  4 8 ) ,  Courant (Co 5 1 ) and o th e r s  have s u g g e s te d  
e x p la n a t io n s  f o r  t h i s  d isa g reem en t b u t none o f  th e s e  a r e  c o m p a tib le  
w ith  a l l  th e  r e le v a n t  ex p er im en ta l r e s u lt s *  T hese e x p la n a t io n s  a r e
* H ir z e l and W f f l e r  regard  t h is  f ig u r e  a s  a  low er l i m i t  
fo r  the n eu tron  b in d in g  energy*
/S 'C L
T able 1 .8  
Mean Photon E n erg ies . R e la t iv e  Y ie ld s  
and R e la t iv e  C ross S e c t io n s  f o r  Photon R eaction *
o th e r  than (Y .n ) and (Y .p )
R eaction Mean Photon  
Energy
B e l .
Y ie ld
R e l.
^ i n t
Ref .
Her
( c 1 2 ( r ,n ) 27 7 .4 12 S t  51 )
C1 2 (Y ,2n ) - <  0 .0 0 0 9 - Pe 48
< l* 9 (Y ,n ) - B.O - Pe 48 )
*^9 (T »2n) ( - 0 .4 4  ( 50 Mev) - 1 Pe 48
X - 0 .6 5  (100  Mev) -  j
<Al2 7 (Y ,n ) 6 .8 Pe 48 )
i  - - 7 .1 Ka 51a)
A i2 7 (r ,2 p ) f - 0 .4 1  (5 0  Mev) - x Pe 48
1 - 0 .4 4  (1 0 0  Mev) -  )
( ^ ( Y . n ) 21 — Pe 48 )
P^1 (T ,2 n ) - <  0 .3 - Pe 48
^ ( Y . S p ) f - 0 .4 4  (5 0  Mev) -  1 Pe 48
I  - 0 .4 9  (1 0 0  Mev) -  J
S3 2 (Y ,n p ) 26 - 2 .6 K&51b
(Cu6 3 (Y ,n ) 18 ICC (s ta n d a rd ) 100 S t 51 )
Cu63(Y ,2 n ) j  - 7 .4  (5 0  Mev) -  \ Pe 48
I  - 9 .7  (lOO Mev) -  I
Cu6 3 (Y ,2 p ) — 0 .4 7 — Pe 46
Cu65(Y ,a ) — — 7 x  IQ*3 Ha 51b
(Z r6 4 (Y ,n ) I 19 83 89 S t 51 )l i e .  5 - 132 Ka 51c)
Zn64(Y ,2n ) 29 3 .9 6 .7 S t 51
Zn6 4 (Y ,pn ) 30 21 37 M
Table 1.8 Contd.
R ea ctio n Mean Photon  
Ehergy
R e l.
Y ie ld
R e l.
^ i n t
R ef.
Mev
Zn6* (Y ,p 2 n ) ^  57 4 .5 17 S t  51
Zn6 6 (T ,p n ) ^  30 11 19 S t 51
Zn66(Y ,3 n ) - 2 .9 - it
Zn6 6 ( r ,p 3n ) - 3 .3 - *f
Zn8 8 (Y ,p4n ) - 1 .4 - M
Zn6 7 (Y ,4n ) - <  2 - m
Zn6 8 ^ ? ) 24 7 .0 9 .7 M
0 e 7° ( Y*pn) - 9 .9 — Pe 49
Hb8 7 (T ,a ) 22 - 7 x  10"4 Ha 51a
Ta181(T p p ..)  
(R are earth ]
68 - - S t  51
/r
1 ( g )  Y ie ld s  f o r  R ea ctio n s o th er  than (Y*p) and (Y *n ).
A few  in v e s t ig a t io n s  o f  more com plex d i s in t e g r a t io n s  have been
made u s in g  th e  r a d io a c t iv e  produ ct method and, in  a d d it io n ,  f o r  v e r y
l i g h t  n u c le i  (Z ^ 8 )  sobs measurem ents h a v e  b een  made by s tu d y in g  th e
s t a r s  formed in  n u c le a r  em u lsion s o r  i n  th e  gas o f  a  c lo u d  chamber ( s e e
n e x t  s e c t i o n ) .  The r e s u l t s  o f  th e  r a d io a c t iv e  m easurem ents a r e
summarized in  T ab le  1*8 , which in c lu d e s ,  f o r  com p arison , th e  co rresp o n d in g
d ata  f o r  th e  (Y ,n ) r e a c t io n s  in  th e  same n u c le i*  The y i e l d s  and in t e g r a te d
63c r o s s  s e c t io n s  a re  g iv e n  r e l a t i v e  t o  Cu (Y ,n ) -  100* The ex p er im en ta l 
measurem ents w ere made by
(a )  Perlman and P r ied la n d er  (Pe 4 8 , Pe 4 9 )  who used  th e same 
tech n iq u e  a s  fo r  th e  (Y ,n ) and (Y ,p ) r e l a t i v e  y i e l d  m easurem ents;
(b )  S trau ch  (S t  5 1 ) who m easured r e l a t i v e  y i e l d s  and  
determ ined  th e  mean photon en ergy  from th e  t r a n s i t io n  cu rv e  in  le a d .
He th en  u sed  th e s e  r e s u l t s  t o  e s t im a te  th e  in te g r a te d  c r o s s  s e c t io n f
( o )  th e  group a t  th e  U n iv e r s ity  o f  Saskatchew an (Ha 51a anc1 
b , Ka 5 1 a , b and c )  who used  th e  y i e l d  cu rve  te c h n iq u e  t o  m easure c r o s s  
s e c t io n  cu rves*
A lthough th e r e  a re  n o t  s u f f i c i e n t  r e s u l t s  to  p erm it g e n e r a l  
c o n c lu s io n s  th e  r e s u l t s  do in d ic a t e  t h a t ,  f o r  medium n u c l e i ,  th e  
"complex'* d is in t e g r a t io n s  a r e  l e s s  l i k e l y  than th e  e j e c t i o n  o f  a  s i n g l e  
n u c le o n , th e  in te g r a te d  c r o s s  s e c t io n  a p p a r e n tly  d e c r e a s in g  w ith  th e  
number o f  n u c leo n s  em itted *  T h is s u g g e s t s  th a t  th e  t o t a l  p h o to n u c le a r  
c r o s s  s e c t io n  has a  maximum v a lu e  n ea r  th e  maximum in  th e  (Y ,n )  c r o s s
discussed in § 2 (c) on p.2 6 .
s e c t io n *  There i s  some e v id e n c e  th a t  th e  t o t a l  p h o to n u c lea r  c r o s s  
s e c t io n  h as a t a i l  ex ten d in g  o u t t o  q u i t e  hig£i e n e r g ie s *
A com parison o f  S tra u ch f s  r e s u l t s  f o r  Zn (Y ,p n ) and (Y ,2 n )  
w ith  an experim en t by Ghoshal (Gh 5 0 ) p r o v id e s  e v id e n c e  th a t  th e s e
p h o to n u clea r  r e a c t io n s  p roceed  v ia  a compound n u cleu s*  Ghoshal
63 60 ,bombarded Cu w ith  p roton s and Hi w ith  a  p a r t i c l e s  and measured th e
c r o ss  s e c t io n  cu rv es  f o r  th e  e m iss io n  o f  a  n , 2n or  pn group* He
found th a t
( p ,n ) t  ( p ,2 n ) i  (p ,p n ) *  tf“ ( a ,n ) i  (a ,2 n )*  T* (a ,p n )
64j u s t  a s  would be ex p ec ted  i f  th e s e  r e a c t io n s  in v o lv e d  a  Zn compound
n u cleu s whose decay  was in d ep en d en t o f  i t s  mode o f  form ation* The
c r o s s  s e c t io n  cu rv es  fo r  th e  co rresp o n d in g  p h o to d is in te g r a t io n s  have
n o t been m easured s o  th a t  a  com p lete  com parison i s  n o t  p o s s ib le  b u t th e
fo l lo w in g  p o in ts  o f  agreem ent a r e  ev id e n t*
(a )  The mean photon e n e r g ie s  f o r  t h e  ( Y ,n ) ,  (Y ,p n ) and (Y»2n) 
64p r o c e s se s  in  Zn a r e  1 9 , 29 and 30  Mev which i s  j u s t  l e s s  th an  th e  mean
e x c i t a t io n  e n e r g ie s  found in  th e  charged  p a r t i c l e  r e a c t io n s  (2 1 ,  32 and
33 Mev* r e s p e c t iv e ly ) *  As th e  p a r t i c l e  a b so r p tio n  c r o s s  s e c t io n s  a re  
r i s i n g  and th e  photon a b so r p tio n  c r o s s  s e c t io n  i s  f a l l i n g  w ith
in c r e a s in g  energy  th e  secon d  s e t  o f  mean e n e r g ie s  sh o u ld  b e s l i g h t l y
h ig h e r  than  th e  f i r s t *
( t )  (Y.Pn)
—  ’jfoj “  5*5 w hich i s  i n  approxim ate agreem ent
- 64TPhe b in d in g  energy o f  th e  a p a r t i c l e  in  Zn was taken  a s
1 Mev (De 4 6 , Du 5 0 ) .
w ith  th e  v a lu e  o f  4  found f o r  T ^ y (p»pn) /  ' ^ x (p*2 n )» A lthough th e s e  
two r a t io s  a re  n o t  s t r i c t l y  com parable approxim ate agreem ent can be  
ex p ec ted  s in c e  th e  c r o s s  s e c t io n  cu rv es  a re  o n ly  a  few  Mev wide*
1 (h )  P h oton u clear  R ea ctio n s in  Very L ig h t N u cle i*
For th e  v e r y  l i g h t  n u c le i  (Z ^ 8 )  q u it e  a  number o f  photo­
n u c le a r  r e a c t io n s  can b e  s tu d ie d  by o b serv in g  th e  s t a r s  produced in  
n u c le a r  em u lsion s or  in  c lo u d  chambers* B ecause n u c le a r  em u lsions  
g e n e r a lly  c o n ta in  s e v e r a l  l i g h t  e lem en ts  (C , N and 0  p lu s  any lo a d in g  
p r e se n t )  th e  e v e n ts  o f  i n t e r e s t  must be sep a r a te d  from th o se  due t o  a  
la r g e  number o f  p o s s ib le  s t a r  prod u cin g  r e a c t io n s *  D is in te g r a t io n s  
in v o lv in g  o n ly  charged p a r t i c l e s  can  u s u a lly  be id e n t i f i e d  s in c e  t h e ir  
r e s u lt a n t  momentum must eq u a l th a t  o f  th e  in c id e n t  photon* G en era lly  
sp ea k in g  d is in t e g r a t io n s  in v o lv in g  n eu tro n s o r  th o se  w ith  fragm ents  
c o n ta in in g  more th an  s i x  n u c leo n s  can n ot b e  id e n t i f i e d *  With th e  c lo u d  
c h a m b e r ^ id e n tif ic a tio n  i s  c o n s id e r a b ly  e a s i e r  s in c e  n o t  o n ly  can  
unwanted n u c le i  b e  e lim in a te d  b u t a l s o  th e  s to p p in g  power can be  
a d ju ste d  w ith in  q u it e  w ide l im i t s  so  t h a t ,  even  fa r  heavy fra g m en ts , 
tr a c k s  o f  m easurable le n g th  can  be obtained*
( i )  D is in te g r a t io n s  ob served  in  N u clear  E m u lsion s.
The C ^ (Y ,3 a )  and 0 ^ (Y ,4 a .)  r e a c t io n s  have been
s tu d ie d  f a i r l y  e x t e n s iv e ly  w ith  t h i s  te c h n iq u e  and th e  d e t e c t io n  o f  a
number o f  o th er  r e a c t io n s  h a s b een  rep orted *
12
( a )  C (Y ,3 a ) .  T h is  r e a c t io n  h as b een  ob served  w ith  
both  th e  p + L i7 Y -rays (Ha 4 8 , Te 5 0 ) and w ith  25 Mev X -rays (Go 5 0 ,
Wi 51a , Te 5 0 ) .  The s t a r s  measured by W ilk ins and Goward (Wi 51a) a r e
/ f a
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Fig. 1.6
R e su lt*  af W ilk in* and Coward ( l i  5 1 a ) fo r  C1 2 (Y ,3 a )  
■ ta r s  produced in  n u c le a r  em u ls io n s  ir r a d ia te d  w ith  
25 Mev X -rays* The number o f  s t a r s  i s  p lo t t e d  a s  a  
f u n c t io n  o f  E - , th e  t o t a l  en erg y  o f  th e  th r e e  a  
p a r t i c l e s  (E^ ■ *  7*3 Mev)* The s o l i d  cu rve i s
th e  c r o s s  s e c t io n  o b ta in e d  from  t h i s  h istogram *
a  p a r t i c l e s  (Ey» ♦  7*3)* The s o l i d  l in e  i s  th e  c r o s s  s e c t io n  deduced
u s in g  th e  t h e o r e t ic a l  X -ray spectrum * W ilk in s and Goward e s t im a te  th e
—28 2maximum c r o s s  s e c t io n  t o  be 2*4 x  10* cm and s t a t e  th a t  t h i s  may s t i l l  
b e to o  low  by up t o  50^* From a stu d y  o f  th e  ran g es o f  th e  a  p a r t i c l e s  
and th e  a n g le s  betw een  them th ey  show th a t  i n  m ost c a s e s  the
0
d is in t e g r a t io n  p roceed s v ia  th e  3 Mev e x c i t e d  s t a t e  in  Be • There i s
n o t s u f f i c i e n t  d a ta  to  d e term in e  w hether o r  n o t  th e  r e - in c r e a s e  o f  th e
c r o s s  s e c t i o n  f o r  quantum e n e r g ie s  g r e a te r  th an  19 Mev i s  due to
d is in t e g r a t io n s  in v o lv in g  a  d i f f e r e n t  s e t  o f  l e v e l s *  T his r e a c t io n  i s
d is c u s s e d  a t  some le n g th  in  § 4  which d e a ls  w ith  th e  m easurem ents on th e
C (Yf 3 a ) r e a c t io n  s in c e  1951 and t h e i r  in t e r p r e t a t io n  in  term s o f th e
i s o t o p i c  s p in  s e l e c t i o n  r u le s*
16(b )  0  (Yf 4 a ) .  T h is r e a c t io n  h as been  s t u d ie d  by
Goward e t  a l  (Go 4 9 , Go 5 0 a , Go 51 ) u s in g  25 Mev X -rays and some 200
s t a r s  have been measured* The th r e s h o ld  c a lc u la t e d  from th e  m asses i s
14*5 Mev; th e  c r o s s  s e c t io n  cu rve s t a r t s  a t  20  Mev and in c r e a s e s
—28 2s t e a d i l y  rea c h in g  a  v a lu e  o f  2 x  10* cm a t  th e  h ig h e s t  en ergy  
a v a i la b le  (2 5  Mev)*
The r e p o r te d  modes o f  d i s in t e g r a t io n  a re
( 1 )  Somewhat o v er  h a l f  th e  e v e n ts  p roceed  v i a  e i t h e r
12 8 a  9*7 Mev o r  a  13*5 Mev l e v e l  in  C t o  th e  ground s t a t e  o f  Be •
( 2 )  Most o f  th e  rem ainder p ro ceed  v i a  a  l e v e l  in
12 8 C ( a t ,  v e r y  a p p ro x im a te ly , 11 Mev) to  an e x c i t e d  Be n u cleu s*
( 3 ) In a  few  c a s e s  th e  0*6 n u c le u s  d i s in t e g r a t e s
plotted in Fig* 1*6 as a function of I^t the total energy of the three
(<f (X.
Summarized R e s u lts  fo r  P h o to -D is in te g r a t io n *  
R eported in  N u clear  B n u ls io n s  
(E x c lu d in g  C^2 (Y «3a) and 0*8 (Y «4a) )
Table 1,9
R ea ctio n Ho. o f  
E vents
C ross
S e c t io n
Source o f  
Quanta
R ef.
cm^
U 6 (T ,n )L i' 7 (5  t  2 )  x
xo-2 8
p + L i7 T i 51
L i6 (T ,d )B e4 lo o k ed  f o r  
b u t n o t  
found
< . i c f 29 p + U 7 , p ♦  P19 
(6*3 Mev) and
Ha2 4 ( 2 .7 6  Mev)
Ti 50
L i? (Y ,t)H « 4 27 ( 1 .2  i  0 . 6 >  
»«2810
p + I d 7 T i 50a
BX0(T ,d )2 a
BU ( T ,t ) 2 a
11
22
( A  doubt­
f u l )  .
„ -2 8  ^ 1 0
m
24 Mev X -r a y s^  
M J
Go50b 
Wi 50
H1 4 (Y ,d )3 a 13 ~ 1 0 - 28 M 6o51a
d i r e c t l y  in t o  two Be n u c le i .  In p a r t ic u la r  6 o f  th e  200 s t a r s  w ere
0
found to  in v o lv e  two ground s t a t e  Be n u c le i .
( c )  O ther d is in t e g r a t io n s  r e p o r te d . The ex p er im en ta l  
r e s u l t s  fa r  th e s e  d is in t e g r a t io n s  a r e  summarized in  T a b le  1 .9 .
( i i )  D is in te g r a t io n s  Observed in  Cloud Chambers.
The o n ly  r e s u l t s  o f  c lo u d  chamber s t u d ie s  a r e  th o se  
o f  G a erttn er  and Y eater  who have in v e s t ig a t e d  th e  p h o to d is in te g r a t io n  
o f  a1 4  (Ga 50a , b ,o ) ,  016 (Ga 50b , c ) ,  C1Z (Ga 5 1 a ) and He4 (Ga 5 1 b ) .  
These w orkers were concerned  to  reduce th e  tim e tak en  t o  c o l l e c t  and 
a n a ly se  d a ta  and a c h ie v ed  t h i s  by u s in g  a  5* d ia m eter  c lo u d  chamber 
(Ga 4 9 )  in c o r p o r a tin g  overcom p ression  im m ed ia te ly  a f t e r  th e  ex p a n sio n *  
and by l im i t in g  t h e ir  a n a ly s is  t o  h o r iz o n ta l  p r o je c t io n s  o f  Hie t r a c k s .
S in ce  G aerttn er  and Y ea ter  d id  n o t m easure e i t h e r  ranges  
or m agnetic  r i g i d i t y  t h e ir  ex p erim en ta l m easurem ents w ere l im it e d  to
(1 )  The number o f  ch arged  p a r t i c l e s  in v o lv e d  i n  a  p a r t ic u la r  
d ie  in t e g r a t io n .
(2 )  A v i s u a l  e s t im a te  o f  th e  io n iz a t io n  d e n s i t y  o f  th e  
t r a c k s .  (T h is  e n a b le s  th e  r e c o i l in g  n u c le u s  to  b e  se p a r a te d  from  th e  
l i g h t e r  fragm ents b u t does n o t g iv e  any r e a l  in d ic a t io n  o f  th e  n a tu re  
o f  th e s e  fr a g m e n ts ) .
(3 )  The a n g le  betw een th e  in c id e n t  Y -ray  and th e  h o r iz o n ta l  
p r o je c t !o n  o f  th e  t r a c k s .
T h e ir  r e s u l t s  a re  a s  fo l lo w s
22 is. *■
(a )  C ,  F  ,  0  .  In a n a ly s in g  t h e ir  d a ta  G a erttn er
*The c y c l in g  tim e o f  t h i s  chamber was 5 - 6  s e c o n d s . The 
p r e ssu r e  o f  th e  gas f i l l i n g  was in  th e  range V 2 -  1 a tm osp h ere .
8
2 0  ex.
Table 1.10
Cloud Chamber Measurements on H a g  
E vents by G a erttn er  and Y eater
T arget
N ucleus
F r a c tio n  
o f  F lags  
In v o lv in g  
a  N eutron
r i n t
F la g s
A ngular  
D is t r ib u t io n  o f  
Fragment
c12 0.10
M ev-barn. 
0.22 t  0.09 1 + 3  sin^Q
H14 0.66 0.3 •
016 0.16 0.3 -
T ab le 1«11 
Cloud Chamber Measurements on S ta r
E vents by G a erttn er  and Y ea ter
T arget
Nucleus
X -ray
Energy *12 *32 *42 *3 + 4 ,2 *2 + 3 + 4 *5
c12 100 Mev mm 0 .1 7 8 0 .0 3 2 0 .2 1 \  1800 2
50 Mev - 0 .0 9 2 0 .0 1 7 J
ir14 100 Mev 0 .2 5 0 .2 0 0 0 .1 2 6 0 .3 3 3111 17
50 Mev - 0 .1 5 3 0 .0 7 7 636 0
o16 100 Mev 0 .5 2 - - 0 .2 3 780 0
. . .
-ratio of singles to flags*
R32 “ra^ °  ® pronged stars to flags*
and 3^ + 4 2 ~ciefiried similarly*
N0 „ . - t o t a l  number o f  f l a g s ,  3 and 4 pronged s t a r s .6 t  J  T 4
20
and Y e a ter  d iv id e d  the o b served  e v e n ts  in t o  th r e e  groups -  " s in g le s *
(single short tracks which are attributed to recoils from (Y,n)
r e a c t io n s ) ,  "flags** (p a ir s  o f  tr a c k s  one o f  ifc ich  i s  s h o r t  and h e a v i ly
io n iz in g )  and " s ta r s"  (e v e n ts  w ith  th r e e  o r  more tr a c k s )*
T h eir  r e s u l t s  f o r  th e  f l a g  e v e n ts  a r e  a s  fo llcers*  For
th ey  compared th e  number o f  f l a g s  f o r  50 and 100 Mev X -rays w ith  
62th e  Cu a c t i v i t y  produced by ir r a d ia t io n  w ith  co rresp o n d in g  am ounts 
o f  X -r a y s . P u tt in g  number o f  f la g s /C u ^  a c t i v i t y  »  1 .0 0  a t  50 Mev th e y  
f in d  a  v a lu e  o f  0 .8 9  ± 0 .1 4  f o r  t h i s  r a t io  a t  100 Mev. A lthough n o t  
v e ry  a c c u r a te  t h i s  r e s u l t  in d ic a t e s  th a t  a l l ,  or p r a c t i c a l ly  a l l ,  th e  
quanta prod u cin g  f la g s  i n  HU  have e n e r g ie s  l e s s  than  50 Mev.
G a erttn er  and Y ea ter  made th e  fo l lo w in g  e s t im a te  o f  th e  
f r a c t io n  o f  f l a g s  i n  w hich a  n eu tron  i s  e m it te d . C le a r ly  a  n eu tron  
has b een  e m itte d  i f  both  tr a c k s  o f  th e  f l a g  a r e  on th e  same s id e  o f  th e  
in c id e n t  photon or  i f  th e  r e s u l t a n t  momentum has a  component in  th e  
d ir e c t io n  o p p o s ite  t o  th a t  o f  th e  in c id e n t  p h o to n . Assuming th a t  th e  
n eu tron  i s  e q u a lly  l i k e l y  t o  be g o in g  "backwards* a s  "forw ards" th en  
th e t o t a l  number o f  f l a g s  in  w hich a  n eu tron  i s  e m itte d  i s  eq u a l t o  ♦
2Ng where N^,Ng r e s p e c t iv e ly  a r e  th e  number o f  f l a g s  w ith  th e  above  
c h a r a c t e r i s t i c s .  The r e s u l t s  f o r  th e  f r a c t io n  o f  f l a g s  in v o lv in g  a
4
n eu tron  a r e  g iv e n  i n  T ab le  1 .1 0  which shows th a t  t h i s  f r a c t io n  i s  sm a ll
fo r  and 0 ^  b u t v e r y  la r g e  f o r  For th e  C^2 f l a g s  the
d is t r ib u t io n  o f  th e  p r o je c te d  a n g le s  o f  a l l  fragm ent tr a c k s  was
2
c o n s is t e n t  w ith  a n  a n g u la r  d i s t r ib u t io n  o f  th e  form 1 + 3 s in  0 .
G a er ttn er  and Y ea ter  o b ta in e d  app roxim ate in t e g r a te d
c r o s s  s e c t io n s  f o r  th e s e  f l a g  e v e n ts  by running th e  b e ta tr o n  a t  a  
reduced X -ray in t e n s i t y  and com paring th e  number o f  f l a g s  ( in  a i r )  
w ith th e  number o f  *  e le c t r o n  p a ir s  produced in  th e  g a s  and h a v in g  
e n e r g ie s  betw een 20 and 40 Mev ( t h e  assum ed energy  range f o r  th e f l a g  
p roducin g q u a n ta ) . These c r o s s  s e c t io n s  a r e  a ls o  g iv e n  in  T able 1 .1 0 .
They w i l l  b e  o n ly  app roxim ate s in c e  th ey  depend on a  g u e ss  a t  th e  mean
energy  and s in c e  no check was made t o  s e e  th a t  th e  chamber was s q u a lly  
s e n s i t i v e  t o  both  e le c tr o n s  and heavy p a r t i c l e s .  The r e s u l t s  o f  
P h i l l ip s  e t  a l  (Ph 5 0 ) show th a t  some c a r e  i s  n e c e ssa r y  to  a v o id  e r r o r s  
from t h i s  so u r c e .
The r e s u l t s  f o r  th e  s t a r  e v e n ts  a re  summarised in  T ab le  1 .1 1 .  
The numbers o f  th r e e  and fo u r  pronged s t a r s  a r e  both a p p r e c ia b le  and 
l e s s  than  th e  number o f  f l a g s  in d ic a t in g  th a t  th e  c r o s s  s e c t io n s  f o r  th e
more com plex r e a c t io n s  a r e  somewhat l e s s  th an  th e  c r o s s  s e c t io n s  f o r
f la g  e v e n t s ,  which a r e  b e l ie v e d  t o  be m a in ly  (Y ,p ) and (Y ,p n ) e v e n t s .
For th e  tw o n u c le i  f o r  which r e s u l t s  a re  a v a i la b le  th e  r a t i o  o f  s t a r s  
to  f l a g s  in c r e a s e s  betw een 50 and 100 Mev in d ic a t in g  th a t  th e  s t a r  
produ cing r e a c t io n s  have a p p r e c ia b le  c r o s s  s e c t io n s  above 50 Mev. For 
a1 4 ,  G a erttn er  and Y eater  made a d d it io n a l  runs f o r  a  s e r i e s  o f  peak 
e n e r g ie s  betw een 20 and 100 Mev. The d a ta  from th e s e  runs has r a th e r  
la r g e  s t a t i s t i c a l  e r r o r s  b u t i t  d oes in d ic a t e  th a t  th e  r a t io  o f  th r e e  
pronged s t a r s  to  f l a g s  i s  c o n s ta n t  above 60 Mev and f a l l s  t o  a lm o st  
z ero  a s  th e  X -ray  en ergy  i s  reduced from  60 Mev to  30  Mev. The r a t io  
o f  fo u r  pronged s t a r s  t o  f l a g s  i s  a l s o  c o n s ta n t  above 60 Mev and f a l l s  
o f f  s l i ^ i t l y  more r a p id ly  ttian th e  above r a t i o  below  t h i s  e n e r g y . T h is
-2.2-
suggesta th a t the cro ea  sectio ns f o r  th r e e  end  fo u r  pronged a ta r s  a r e  peaks  
v ith  mean e n e r g ie s  b e tv een  40 and 50 Mev* U sing  th e s e  mean e n e r g ie s ^ th e  
in te g r a te d  c r o s s  s e c t io n s  fo r  f l a g s ,  th r e e  pronged s t a r s  and fo u r  pronged  
s t a r s  in  H14 a r e  ap p ro x im a te ly  in  th e  r a t i o  o f  1 i  t
(b )  He^. G aerttn er  and Y ea ter* s  exp erim en t on th e  p h o to -
4  /d is in t e g r a t io n  o f He i s  d e sc r ib e d  in  more d e t a i l  in  Chapter I I I  ( s e e
p* $ o ) m B r ie f ly  th e y  f in d  th a t  th e  o n ly  im p ortan t r e a c t io n s  in  H© a re
(Y#p ) and (Yf n ) p th a t  th e  mean en ergy  o f th e  quanta p rod u cin g  th e  (Ypp )
d is in t e g r a t io n s  i s  a p p rox im ate ly  27 Her and th a t  th e  a n g u la r  d is t r ib u t io n
2
o f  th e  ph otoproton s i s  c o n s i s t e n t  w ith  a  s i n  0  d is t r ib u t io n *  The 100 Mev 
y ie ld  f o r  th e  (Ypn ) r e a c t io n  i s  1*3 *  0*3 tim es  th a t  f o r  th e  (Yf p )  
rea c tio n *
Thus th e  c lou d  chamber m easurem ents p ro v id e  a  g e n e r a l  
p ic tu r e  o f  th e  p h o to d is in te g r a t io n  o f  th e s e  n u c le i*  They in d ic a t e  th a t  
f o r  l i ^ i t  n u c le i  th e  more com plex r e a c t io n s  a r e  p rob ab ly  more im p ortan t  
than th ey  a r e  f o r  h e a v ie r  n u c le i  and th e  photon a b so r p tio n  c r o s s  s e c t io n  
i s  a p p r e c ia b le  a t  e n e r g ie s  w e l l  above th e  g ia n t  resonan ce* A lso  i t  i s  
d e a r ,  from th e  v a r ia t io n  in  th e  f r a c t io n  o f  f la g s  in v o lv in g  a  n eu tro n , 
th a t  th er e  a r e  la r g e  f lu c t u a t io n s  in  th e  r a t i o  o f  (Yf p ) and (Yt pn) c r o s s  
s e c t io n s *
12The n u c le a r  em u lsion  m easurem ents on th e  C (Yp3 a ) and
160 (Yf 4 a ) 8 ta r s  g iv e  a  c o n s id e r a b le  amount o f  in fo rm a tio n  on th e  
mechanism o f  th e  r e a c t io n  in  a d d it io n  to  th e  c r o s s  s e c t io n s *  These 
c r o s s  s e c t io n  m easurem ents do n o t  in v o lv e  th e  a n a ly s i s  o f  a  y i e l d  cu rv e  
and th e r e fo r e  th ey  a re  in h e r e n t ly  more r e l i a b l e  than  m easurem ents by th e
2 3«.
| | | | | C H A N N E L
2 4 *  8 m E V  ' °
F ig . 1 .7
Eiiergy d is t r ib u t io n  o f  th e  p h otop roton s from  argon  
ir r a d ia t e d  w ith  Y -rays from th e  p + L i r e a c t io n  
( H  5 1 c ) .  Groups A and i d e n t i f i e d  a s
p h o to p ro to n s le a v in g  C l in  th e  ground s t a t e  and  
f i r s t  e x c i t e d  s t a t e  r e s p e c t iv e ly .  The t a i l  
e x te n d in g  from 7 .5  t o  10 Mev i s  a t t r ib u t e d  to  th e  
r e a c t io n  A*°(Yfa)S • These a p a r t i c l e s  sh o u ld  have  
l i t t l e  e f f e c t  on th e  main d i s t r ib u t io n  s in c e  th e  
coulomb b a r r ie r  w i l l  red u ce th e  p r o b a b i l i t y  f o r  t h e i r  
e m is s io n  w ith  lo w er  e n e r g ie s .
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y ie ld  cu rve m ethod. T h e ir  energy r e s o lu t io n  i s  d eterm ined  by th e  
a ccu ra cy  o f  th e  range measurem ent o f  th e  t o t a l  energy* For n u c le a r  
em u lsio n s t h i s  i s  1 Mev, f o r  a  c lo u d  chamber i t  i s  -~ 1 0 0  kev fa r  
s t a r s  in  which a l l  t r a c k s  can be m easured. S in c e  th e r e  a r e  a  number 
o f  s t a r  p rod u cin g  r e a c t io n s  th a t  can be s tu d ie d  in  n u c le a r  em ulsions  
and p rob ab ly  a  c o n s id e r a b le  number th a t  can  be s tu d ie d  w ith  a  c lo u d  
chamber su ch  m easurem ents co u ld  be a  f r u i t f u l  so u r c e  o f  in fo rm a tio n  on 
th e  mechanism o f  p h o t o d is in t e g r a t io n .
2 . ENERGY AND ANGULAR DISTRIBUTIONS OF THE EMITTED NUCLEONS
There have b een  o n ly  a  few  m easurem ents o f  th e s e  d i s t r ib u t io n s  
but t h e s e  a l l  in d ic a t e  t h a t ,  a p a r t from a  sm a ll p e r ce n ta g e  o f  n u c le o n s  
which a r e  e m itted  w ith  a l l  th e  a v a i la b le  en erg y , th e  n u c leo n s  have th e  
energy spectrum  p r e d ic te d  by th e  s t a t i s t i c a l  th eo ry  and an i s o t r o p ic  
a n g u la r  d i s t r ib u t io n .
2 (a )  Measurements w ith  M onoenergatic Y -B ays.
W ilk in son  and C arver ( l i  5 1 c ) have m easured th e  spectrum  o f  
p h otop roton s from argon  ir r a d ia t e d  w ith  p + L i Y -rays by m easuring th e  
p u lse  s i z e  d i s t r ib u t io n  in  an argon f i l l e d  p r o p o r tio n a l co u n ter  w hich  
was l in e d  w ith  g r a p h ite  i n  ord er  t o  e l im in a te  e r r o r s  due t o  p h otop roton s  
from th e  w a ll  (C (Y ,p ) th r e s h o ld  -  1 6 .0  M ev). 'Hie spectrum  th e y  
o b ta in e d  ( s e e  F ig . 1 .7 )  c o n ta in s  a  la r g e  number o f  p ro to n s  whose e n e r g ie s  
a r e  much l e s s  th an  th e  maximum a v a i la b le  and has a  shape v e r y  s im i la r  to  
th a t  p r e d ic te d  by th e  s t a t i s t i c a l  th e o r y . E xact agreem ent can n ot b e  
ex p e c ted  f o r  a  l i g h t  n u c le u s  where in d iv id u a l  l e v e l  p r o p e r t ie s  may 
in f lu e n c e  th e  p ro to n  en erg y  d i s t r ib u t io n  q u it e  m arkedly. The (Y ,p )
Z 4 o l
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S p ec tra  o f  p h oton eu tron s and  p h o to p ro to n s from copper  
ir r a d ia t e d  w ith  24 Ifev X -rays* These were m easured  
by B y e r ly  and S tep h en s (By 51a) u s in g  n u c le a r  em u lsion s  
a s  d e te c to r s *  The f u l l  c u r v es  a r e  th e  s p e c t r a  
p r e d ic te d  b y  th e  e v a p o r a tio n  model and th e  d o tte d  
cu rv es  a r e  th e  s p e c tr a  p r e d ic te d  by th e  S c h i f f  model 
(Sc 4 8 ) .
c r o s s  s e c t io n  found by IS ilk in son  and C arver i s  5 .4  m il l ib a r a  w hich i s  
s e v e r a l  tim es th a t  ex p e c ted  from th e  s t a t i s t i c a l  th eory*
2 (b ) Experim ents f ls in g  High ih e r g y  X-rays*
There have b een  s e v e r a l  measurements o f  th e  en ergy  and a n g u la r
d is t r ib u t io n  o f  p h otop roton s e j e c t e d  from t h in  m e t a l l i c  f o i l  ta r g e ts
ir r a d ia t e d  w ith  20 -  25 Mev X -rays u s in g  n u c le a r  em u lsio n s p la c e d  j u s t  
o u ts id e  a  w e ll  c o ll im a te d  X -ray beam to  d e t e c t  th e protons*
The e lem en ts  whose s p e c tr a  have been in v e s t ig a t e d  a r e
Ag and A l -  D iven and Almy (D i 50)
Cu -  B y er ly  and S tep h en s*  (By 51a)
%  and Mg^5 -  Toms and S tep hens (To 51 )
J$yerly and Step hens have a l s o  measured th e  en ergy  spectrum
o f  th e  photoprotons fr a n  copper by m easuring p roton  r e c o i l s  in  n u c le a r  
em u lsio n s p la ced  n ear a  cop p er ta r g e t*
The energy  d is t r ib u t io n s  f o r  copper ( s e e  Fig* 1*6) and th a t  
f o r  s i l v e r  a re  a l l  in  good agreem ent w ith  th e  d is t r ib u t io n s  p r e d ic te d  
from  th e  s t a t i s t i c a l  th eo ry  and th e  t h e o r e t i c a l  X -ray spectru m ** e x p e c t
*As one o f  t h e ir  main c la im s  $ y e r ly  and S tep hen s s t a t e  th a t  
g r a in  co u n t measurements show th a t  a p p ro x im a te ly  30^ o f  th e  ch arged  
p a r t i c l e s  o r ig in a t in g  in  th e  cop p er f o i l  a r e  deuterona  and n o t  protons*  
However Dr* Muirhead has p o in te d  o u t to  me th a t  t h i s  r e s u l t  i s  u n r e l ia b le  
b eca u se  o f  th e  sm a ll le n g th  o f  tra ck  uBed f o r  t h e i r  g r a in  co u n ts  and a ls o  
b eca u se  th e  ob served  r e s u l t s  can  be e x p la in e d  by a d d it io n a l  sh r in k a g e  in  
th e  s u r fa c e  la y e r  o f  th e  em u lsio n  which i s  a  f a i r l y  common occu rren ce*
For th e s e  rea so n s t h is  c la im  has been  d isreg a rd ed *
* * I f  th e  Mdeuterona" r ep o rted  by  b y e r ly  and Stephena a r e  
assum ed t o  b e  p roton s and added to  th e  p ro ton  d i s t r ib u t io n  th ey  w i l l  
in c r e a s e  th e  h e ig h t  o f  t h i s  d i s t r ib u t io n  below  6 Mev and th u s b r in g  
i t  c l o s e r  to  th e  s t a t i s t i c a l  p r e d ic t io n *
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f o r  h ig h  e n e r g ie s  where th e r e  a r e  more n u c leo n s  th an  a r e  p r e d ic te d  
by th e  s t a t i s t i c a l  theory* The p h otop roton  a n g u la r  d is t r ib u t io n  
measurements show th a t  f o r  b o th  cop p er and s i l v e r  th e  lo w er  en ergy  
p h otop roton s have an i s o t r o p ic  a n g u la r  d i s t r ib u t io n  w h ile  th e
a d d it io n a l  h ig h  energy  p h otop roton s have an a n g u la r  d is t r ib u t io n  which
2
resem b les  a  s in  Q d is t r ib u t io n *  D iven and Almy a l s o  show th a t  th e  
y i e l d  o f  th e  low er energy  p h otop roton s i s  in  r e a so n a b le  acco rd  w ith  
th e  y i e l d  p r e d ic te d  by th e  s t a t i s t i c a l  th eozy*  A lthough th e r e  a r e  no  
co rresp o n d in g  a n g u la r  d i s t r ib u t io n  m easurem ents f o r  n e u tr o n s , some 
p r e lim in a ry  r e s u l t s  in d ic a t e  th a t  i t  i s  p rob ab le  th a t  m ost o f  th e  
n eu tro n s e m itte d  have an i s o t r o p ic  d is t r ib u t io n *  P r ic e  and K erst  
(P r  5 0 ) and T e r w il l ig e r  e t  a l  (Te 51 ) have made rough measurem ents 
o f  th e  n eutron  a n g u la r  d is t r ib u t io n  (a v era g ed  o v e r  a l l  e n e r g ie s )  and 
f in d  th a t  i t  i s  a p p ro x im a te ly  i s o t r o p ic  f o r  le a d ,  ir o n  and n ic k e l*
F o r  th e  l i g h t  n u c le i  su lp h u r  and carbon th e  ( y i e l d ) ^ # / ( y i e l d )gQo 
^  0*95 and 0*90 r e s p e c t iv e ly  s u g g e s t in g  th a t  f o r  th e s e  n u c le i  th e  
n eu tron  a n g u la r  d is t r ib u t io n  i s  peaked a t  9 0 ° •
For th e  l i g h t  n u c le i  alum inium  and magnesium th e p roton  
a n g u la r  d is t r ib u t io n s  a r e  i s o t r o p ic  f o r  a l l  p ro to n  e n e r g ie s  and th e  
energy  s p e c t r a  a r e  c o n s is t e n t  w ith  th o se  to  be e x p e c ted  from a  s lo w ly  
in c r e a s in g  l e v e l  d e n s ity *
The above r e s u l t s  have a  d ir e c t  b e a r in g  on th e  su g g e s te d  
e x p la n a t io n s  f o r  th e  la r g e  (T9y )  y i e l d s  found by l& f f le r  and H ir z e l  
and th e r e fo r e  i t  i s  c o n v e n ie n t to  c o n s id e r  th e s e  e x p la n a t io n s  b e fo r e  
commenting on th ese ' r e s u l t s *
zC
2 (c) S u g g ested  E xp la n a tio n s o f  th e  Large (Y,p) C ross S e c t io n s  
Found by N ttff le r  and H ir z e l .
( i )  The S c h i f f  H yp o th esis
S c h i f f  (S c 4 6 )  assumed th a t  th e  a b so r p tio n  o f  a  
photon produced a  compound n u c le u s  and su g g e s te d  t h a t ,  b eca u se  th e  
e le c tr o m a g n e t ic  f i e l d  o f  th e  quantum v a r ie s  s lo w ly  a c r o s s  th e  n u c le u s ,  
on ly  c e r t a in  " regu lar"  en ergy  l e v e l s  c o u ld  be produoed by photon  
a b so rp tio n *  He showed th a t  p ro to n  and n eu tron  e m iss io n  from  th e s e  
r e g u la r  energy l e v e l s  le a v e s  th e  r e s id u a l  n u c le u s  in  a  r e s t r i c t e d  s e t  
o f  l e v e l s  whose d e n s ity  in c r e a s e s  o n ly  s lo w ly  w ith  energy* As a  r e s u l t  
th e  mean ph otoproton  and ph oton eu tron  e n e r g ie s  a r e  g r e a t e r  th an  th o se  
p r e d ic te d  by the normal s t a t i s t i c a l  th eo r y  and th e  (Y ,p ) y i e l d  i s  
in c r e a se d  b ecau se  o f  th e  g r e a t e r  p r o b a b i l i t y  th a t  th e  p ro ton s w i l l  
p e n e tr a te  th e  coulomb b a r r ie r *  The c r o s s  s e c t io n s  c a lc u la t e d  by  
S c h i f f  a r e  in  agreem ent w ith  th e  r e s u l t s  o f  HWLffler and H ir z e l*
( i i )  The D ir e c t  E je c t io n  H yp oth esis*
A number o f  w orkers (Co 5 1 , Je 4 6 , Le 50 , Ife 51d) 
have su g g e s te d  t h a t ,  i n  a t  l e a s t  a  f r a c t io n  o f  photon in t e r a c t io n s ,  
th e  photon en ergy  i s  ab sorb ed  by an in d iv id u a l  nucleon* I f  t h i s  i s  
n ear th e  s u r fa c e  i t  may e sca p e  w ith o u t fu r t h e r  in t e r a c t io n .  B ecause  
o f  t h e i r  h ig h e r  en ergy  p h otop roton s o f  t h i s  typ e  w i l l  have a g r e a te r  
p r o b a b i l i ty  o f  p e n e tr a t in g  th e  coulomb b a r r ie r  and h en ce t h i s  e f f e c t  
w i l l  le a d  t o  an in c r e a s e  in  th e  (Y ,p ) c r o s s  s e c t io n *  N ucleons w hich  
do n o t e sc a p e  a r e  ex p ec ted  to  sh a re  t h e i r  en ergy  and produce a  
compound n u cleu s*
Courant (Co 5 1 ) has c a lc u la te d  th e  c r o s s  s e c t io n  f o r  t h i s  
p r o c ess  u s in g  an ind ep en dent p a r t i c l e  model w ith  a  sq uare w e ll  p o t e n t ia l  
to  d e sc r ib e  th e  i n i t i a l  and f i n a l  s t a t e s *  H is (Y ,p ) c r o s s  s e c t io n s  a re  
g r e a te r  th an  th o se  c a lc u la t e d  from th e  s t a t i s t i c a l  th e o r y  b u t a r e  
s m a lle r  ( 10$) than th e  exp erim en ta l v a lu e s  found by W ttffler and
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H irze l*  He p r e d ic ts  an a n g u la r  d is t r ib u t io n  o f  1he form A + B s i n  Q 
f o r  th e  d ir e c t ly  e j e c te d  p r o to n s .
Thus on th e  S c h i f f  h y p o th e s is  a l l  ph otop roton  and ph oton eutron  
sp e c tr a  w i l l  have a h ig h er  mean en ergy  than th a t  p r e d ic te d  by  th e  
normal s t a t i s t i c a l  theory* On th e  d ir e c t  e j e c t i o n  h y p o th e s is  th e  
speotrum  w i l l  be th a t  p r e d ic te d  by th e  normal s t a t i s t i c a l  th eo ry  p lu s  
a  c o n tr ib u t io n  o f  h ig h e r  energy  w ith  an a n g u la r  d is t r ib u t io n  peaked a t  
90°* The r e l a t i v e  p r o p o r tio n  o f  th e s e  two p a r ts  w i l l  depend on Z and  
on th e  (Yf p ) and (Ytn ) th re sh o ld s*  For th e  n u c le i  s tu d ie d  by W f f l e r  
and H ir z e l  th e  spectrum  i s  ex p ected  t o  c o n s i s t  a lm o st e n t i r e l y  o f  
d ir e c t ly  e j e c te d  p h otop roton s s in c e  f o r  th e s e  n u c le i  th e  (Yt p) 
th r e sh o ld  i s  g r e a te r  than  th e  (Y#n ) th r e s h o ld  and hence th e  y i e l d  
p r e d ic te d  by th e  s t a t i s t i c a l  th eo ry  i s  v e r y  sm all*  For co p p er  and 
s i l v e r  th e  (Yf p ) th r e sh o ld  i s  l e s s  than  th e  (Y9n) th resh o ld *  Hence 
th e y i e ld  p r e d ic te d  by th e  s t a t i s t i c a l  th eo ry  i s  much la r g e r  and may 
ex ceed  th e  y i e l d  o f  d i r e c t l y  e j e c t e d  ph otoproton s*
The e x p e r im e n ta lly  measured s p e c tr a  ( s e e  F igs*  1 .8  and 1* 7 )  
d e f i n i t e l y  e x c lu d e  th e  S c h i f f  h y p o th e s is*  I t  i s  n o t p o s s ib le  t o  make a  
com p lete  t e s t  o f  th e  d ir e c t  e j e c t i o n  h y p o th e s is  s in c e  th e r e  a r e  no  
s p e c tr a  f o r  th e  e lem en ts  s tu d ie d  by H L ffler  and H ir z e l ,  b u t th e
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o b se r v a t io n s  on s i l v e r  and cop p er  a r e  c o n s is t e n t  w ith  th e  above
e x p e c ta t io n s  both  a s  reg a rd s spectrum  shape and a n g u la r  d is t r ib u t io n *
However t h i s  h y p o th e s is  m eets w ith  th e  fo l lo w in g  d i f f i c u l t i e s *  The
on ly  c a lc u la t io n  o f  th e  c r o s s  s e c t io n s  f o r  d i r e c t l y  e j e c te d  p roton s
/r ives c r o s s  s e c t io n s  which a r e  to o  sm a ll by an o rd er  o f  m agnitude*
40A lso  th e  r e s u l t s  o f  W ilk inson  and C arver on A a r e  in  c o n f l i c t  w ith
t h i s  h y p o th e s is*  These w orkers f in d  a  (Y ,p ) spectrum  o f  th e  s t a t i s t i c a l
shape w ith  a  c r o s s  s e c t io n  s e v e r a l  tim es  th a t  p r e d ic te d  by th e
s t a t i s t i c a l  th eo ry  and s u g g e s t  th a t  t h i s  r e s u l t  may be e x p la in e d  by a
change in  shape o f  th e  coulomb b a r r ie r *  T h is  l a s t  h y p o th e s is  i s  in
c o n f l i c t  w ith  th e  r e s u l t s  o f  D iven  and Almy who f in d  th a t  the
s t a t i s t i o a l  th eo ry  p r e d ic t s  th e  c o r r e c t  y i e l d  f o r  s i l v e r ,  f o r  which th e
coulomb b a r r ie r  i s  g r ea ter *  In  v ie w  o f  th e s e  d i f f i c u l t i e s  i t  i s
40
d e s ir a b le  th a t  th e  measurement on A b e  rep eated *
3 .  THEORETICAL INVESTIGATIONS AMD DISCtJSSIOK 
The t h e o r e t ic a l  in v e s t ig a t io n s  o f  th e  p h o to d is in te g r a t io n  
o f  n u c le i  o th er  than deuterium  f a l l  in t o  th r e e  groups* L ev in ger  and 
B ethe have c a lc u la te d  th e  in te g r a te d  c r o s s  s e c t io n  f o r  th e  sum o f  a l l  
p h o to n u c lea r  r e a c t io n s*  S in c e  t h e i r  r e s u l t  i s  n o t g r e a t ly  a f f e c t e d  by  
th e  v a l i d i t y  o f  th e  n u c le a r  model th ey  assu m e, i t  i s  o f  g r e a t  v a lu e  in  
in t e r p r e t in g  th e  exp erim en ta l r e s u l t s *  S e v e r a l w orkers have proposed  
m odels id iich  see k  to  e x p la in  th e  o b served  en ergy  dependence o f  th e  
(Y ,n ) c r o s s  s e c t i o n s ,  i* e *  th e  g ia n t  reson an ce*  The r a th e r  d i f f e r e n t  
m odels proposed  in  e x p la n a t io n  o f  th e  la r g e  (Y ,p ) y i e l d s  ob served  in  
m iddle w e ig h t n u c le i  have b een  d is c u s s e d  above*
3 (a )  Sum R ule C a lc u la t io n s  o f  L ev in ger  and Be the*
L ev in ger  and Be th e  (Le 5 0 ) n o ted  th a t  i f  th e  t r a n s i t io n  
p r o b a b i l i ty  i s  summed over  a l l  e x c i t e d  s t a t e s  th e  r e s u l t  depends 
o n ly  on th e  p r o p e r t ie s  o f  th e  n u c le a r  ground s ta te *  In t h e i r  
c a lc u la t io n s  th e y  assumed
( 1 )  c e n t r a l  f o r c e s ,  b o th  o rd in a ry  and an  o rd in a ry  exchange  
m ixtu re , and
( 2) a  p la n e  wave in d ep en d en t p a r t i c l e  model f o r  th e  n u c le u s .  
For o rd in a ry  c e n tr a l  fo r c e s  th ey  showed th a t
I  v r  dE -  0 .0 6  HZ Mev-barn
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where ED i s  th e  c r o s s  s e c t io n  fo r  photon  a b so r p tio n  b y  e l e c t r i c  
d ip o le  t r a n s i t i o n s ,  i . e .  th e  sum o f  th e s e  c r o s s  s e c t io n s  f o r  a l l  
p h o to n u clea r  r e a c t io n s .  T h is p a r t ic u la r  r e s u l t  i s  in d ep en d en t o f  th e  
wave fu n c t io n  f o r  the n u c le a r  ground s t a t e .
When exchange f o r c e s  a re  p r e se n t  th e  v a lu e  o f  t h i s  in t e g r a l  
i s  in c r e a se d  and L ev in ger  and Be th e  found
cO
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sh a re  x  i s  th e  f r a c t io n  o f  th e  fo r c e  w hich i s  exchange in  c h a r a c te r .
T his in t e g r a l  i s  dependent on th e  ground s t a t e  w a v e .fu n c tio n  b u t  
L evin ger  and Be th e  c la im  t h a t ,  s in c e  th e  main c o n tr ib u t io n  t o  th e  
a d d it io n a l  term  due to  exchange f o r c e s  comes from th e  s h o r t  n e u tro n -
p roton  d is ta n c e s  ( ^ 1 0 * * ^ cm * ), t h i s  r e s u l t  w i l l  be a  f a i r  ap p roxim ation
to  th a t  o b ta in ed  from th e  a  p a r t i c l e ,  o r  any o th e r  c o r r e la te d  n u c le a r
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model*
They also calculated [  ^ where <3“  i s  th e  c r o s s  <1
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s e c t io n  f o r  e l e c t r i c  q u a d r ip o le  t r a n s i t io n s *  For medium and heavy  
n u c le i  th e  num erical v a lu e  o f  t h i s  in t e g r a l  i s  o n ly  a  few  p e r c e n t o f  
th e  ex p er im en ta l v a lu e  f o i  *n) dE and th e r e fo r e  the h u lk  o f  th e
(Y ,n ) d is in t e g r a t io n s  can n ot be due t o  q u a d r ip o le  t r a n s i t io n s  and must 
a r i s e  from  e l e c t r i c  d ip o le  t r a n s it io n s *
each o th e r  and to  th e  en ergy  o f  th e  maximum* By c a lc u la t in g  th e s e  
q u a n t i t ie s  u s in g  th e  sum r u le s  L ev in ger  and B ethe showed th a t  th e  
e x is t e n c e  o f  th e  g ia n t  reson an ce  im p lie d  th a t  th e r e  a re  s tr o n g  
c o r r e la t io n s  betw een th e  n u c le o n s  in  th e ground s t a t e  and c o n v e r s e ly  
th a t  th e  p resen ce  o f  c o r r e la t io n s  betw een n u c le o n s  in  th e  ground s t a t e  
co u ld  le a d  to  a  c r o s s  s e c t io n  o f  th e  g ia n t  reso n a n ce  form*
3 (b )  S u g g ested  E x p lan ation  o f  th e  G ian t R esonance*
s e c t io n  a s  a  tr u e  reson an ce  due t o  e l e c t r i c  d ip o le  a b so r p tio n  by a  
n u c le a r  s t a t e  w hich i s  d e s c r ib e d  by c l a s s i c a l  m odels in  which a l l  
p ro to n s  move to g e th e r  a g a in s t  a l l  n eu tron s*  The f i r s t  model o f  t h i s  
k in d  was proposed by G oldhaber and T e l l e r  (Go 4 8 )  who a s  Burned th a t  
b oth  p ro to n s and n eu tro n s s ta y e d  f ix e d  on t h e i r  r e s p e c t iv e  sp h eres  
and th a t  th e s e  two sp h eres  o s c i l l a t e d  w ith  r e s p e c t  t o  one another*  
They found th a t  th e  p o s i t io n  o f  i s  p r o p o r tio n a l t o  A ( 26*5
Mev fo r  C, 20 Mev f o r  Cu and 16 Mev f o r  U) and th a t  J dE -  0*015A
For a  sh a r p ly  peaked c r o s s  s e c t io n  both  th e  mean en ergy  and
the harmonic mean energy („jVdl/|VdE) w i l l  b e  a p p ro x im a te ly  eq u a l to
S e v e r a l workers have in te r p r e te d  th e  peak in  th e  c r o s s
3 !
Mev-barn* (T h is  i s  th e  same r e s u l t  a s  found by L evin ger and Be th e  
f o r  o rd in a ry  f o r c e s  and H »  Z •  A /2 ) .
S te in w e d e l, Jen sen  and Jen sen  (S t  5 0 , Je  5 0 , S t  5 0 a ) have  
made s im i la r  c a lc u la t io n s  u s in g  & hydrodynam ic model* They in te r p r e te d  
th e  " reson an ce1* a s  th e  lo w e s t  e ig e n  freq u en cy  o f  in t e r p e n e tr a t in g  
proton  and neutron  f lu id s ^ c o n ta in e d  w ith in  a  f ix e d  n u c le a r  sp h ere  and 
w ith  a  c o n s ta n t  t o t a l  d e n s ity *  They fou n d  th a t  th e  p o s i t io n  o f  th e  
maximum i s  p r o p o r tio n a l to  A*^/® and th a t  th e  I n te g r a te d  c r o s s  s e c t io n  
i s  j u s t  h a l f  th a t  found by G oldhaber and T e lle r *
S in c e , a s  L ev in ger  and B ethe have p o in te d  o u t , th e  e x is t e n c e  
o f a  peak in  th e  c r o s s  s e c t io n  i s  an e x p e c ted  conseq u en ce o f  th e  
e x is t e n c e  o f  c o r r e la t io n s  betw een n u c le o n s  in  th e  ground s t a t e ^ t h i s  
peak does n o t In i t s e l f  p r o v id e  s i g n i f i c a n t  e v id e n c e  f o r  th e  v a l i d i t y  
o f  e i t h e r  o f  th e s e  m od els . The A dependence o f  th e  peak p o s i t io n  
would b e  o f  v a lu e  bu t th e  ex p er im en ta l r e s u l t s  a r e  n o t  y e t  s u f f i c i e n t l y  
a c cu ra te  to  p rov id e  e v id e n c e  fo r  o r  a g a in s t  e i t h e r  model* Both m odels 
im ply t h a t  p h o to n u c lea r  r e a c t io n s  in v o lv e  th e  fo rm a tio n  o f  a  compound 
n u cleu s*
3 ( c )  Summary and D iscu ss io n *
The s c a r c i t y  o f  r e s u l t s  on p h o to d is in te g r a t io n  i s  i l l u s t r a t e d  
by the f a c t  th a t  most o f  th e s e  r e s u l t s  a r e  from c r o s s  s e c t io n  and y i e l d  
m easurem ents and m ost c r o s s  s e c t io n  m easurem ents a re  f o r  th e  (Y ,n )  
r e a c tio n *  (Y ,p ) c r o s s  s e c t io n  m easurem ents a r e  e x p e r im e n ta lly  more 
d i f f i c u l t  and th ere  have been o n ly  a  few  m easurem ents o f  th e  more 
com plex r e a c t io n s*
The broad fe a tu r e s  o f  th e  (Yf n )  c r o s s  s e c t io n s  a r e  f a i r l y  
w e ll  e s t a b l i s h e d  but b eca u se  o f  th e  l im it e d  ex p er im en ta l r e s o lu t io n  
( 1 - 2  Mev) i t  i s  n o t known i f  th e s e  cu rv es  p o s s e s s  any f i n e r  s tr u c tu r e *  
A ll  (Y ,n )  c r o s s  s e c t io n s  have a  w e ll  d e f in e d  s i n g l e  maximum a t  an en ergy  
& few  Mev above th e  th resh o ld *  The h a l f  w id th  o f  t h i s  maximum i s  — 6 
Mev and i s  a p p ro x im a te ly  c o n s ta n t  throughout th e  p e r io d ic  ta b le  w h ile  
th e  en erg y  o f  th e  maximum d e c r e a se s  s lo w ly  w ith  in c r e a s in g  Z* The 
c r o s s  s e c t io n  probab ly  rem ains sm a ll above t h i s  maximum. (Y ,p ) c r o s s  
s e c t io n s  have o n ly  been  measured f o r  l i g h t  and medium n u o le i  and f o r  
th e se  n u c le i  th e  (Y ,p ) c r o s s  s e c t io n  has a  shape whioh i s  v e r y  s im i la r  
to  th a t  o f  th e  (Yf n )  c r o s s  s e c t io n .
In d is c u s s in g  th e  im p lic a t io n s  o f  th e s e  and o th e r  r e s u l t s  i t  
i s  c o n v e n ie n t t o  c o n s id e r  th e  r e s u l t s  f a r  medium and heavy n u c le i  
b e fo r e  th o se  f o r  l i g h t  n u c le i .
( i )  F h o to d is in te g r a t io n  o f  Medium and Heavy N u c le i .
For th e s e  n u c le i  th e  in t e g r a te d  (Y ,n )  c r o s s  s e c t io n  
i s  v ery  la r g e  and t h i s  im p lie s  th a t  m ost o f  th e  d is in t e g r a t io n s  
in v o lv e d  a r e  th e  r e s u l t  o f  e l e c t r i c  d ip o le  t r a n s i t i o n s .  T h is in te g r a te d  
c r o s s  s e c t io n  i s  abou t h a l f  th e  in te g r a te d  c r o s s  s e c t io n  f o r  a l l  
p h o to n u c lea r  p r o c e s s e s  as c a lc u la t e d  by L ev in g er  and B eth e . S in ce  t h i s  
c a lc u la t io n  app ears t o  b e  q u it e  r e l i a b l e  t h i s  im p lie s  th a t  th e  t o t a l  
photon a b so r p tio n  c r o s s  s e c t io n  has a  maximum a t  an en ergy  c lo s e  t o  
th a t  in  th e  (Y ,n ) c r o s s  s e c t i o n .  T h is c o n c lu s io n  a l s o  f o l lo w s  from th e  
ex p er im en ta l r e s u l t  th a t  th e  c r o s s  s e c t io n s  f o r  th e  more com plex  
r e a c t io n s  a r e  v e ry  much l e s s  than th e  (Y ,n ) c r o s s  s e c t io n s  and i s
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su g g e s te d  by th e  neutron  y i e l d  measurements f o r  le a d  ( s e e  p* fo  ) •
This maximum in  th e  t o t a l  c r o s s  s e c t io n  i s  u s u a lly  r e fe r r e d  t o  a s  the  
g ia n t  r eso n a n ce . The sm ooth in c r e a s e  o f  th e  n eu tron  y i e l d s  and th e  
even sm oother v a r ia t io n  o f  n eu tron  + p ro ton  y i e ld s  im p ly  th a t  th e  t o t a l  
in te g r a te d  c r o s s  s e c t io n  i s  a  sm ooth ly  in c r e a s in g  fu n c t io n  o f  Z, a s  i s  
p r e d ic te d  by L ev in ger  and Be the®
There i s  o n ly  a  l i t t l e  e v id e n c e  r e la t in g  t o  th e  mechanism o f
64/ \p h o to n u c lea r  r e a c t io n s*  The y i e l d  m easurem ents fo r  th e  7m (Y ,n ) ,
(Y jpn) and (Y ,2 n ) r e a c t io n s  and th e  ph otoproton  spectrum  measurements 
in d ic a t e  th a t  f o r  m ost d is in t e g r a t io n s  a  compound n u c le u s  i s  formed* 
However, i t  i s  c le a r  t h a t  t h i s  i s  n o t  a lw ays s o  s in c e  t h i s  p ic tu r e  
does n o t  e x p la in  th e  la r g e  (Y ,p ) c r o s s  s e c t io n s  found by l& f f le r  and  
H irze l*  Some ex p er im en ta l r e s u l t s  s u g g e s t  th a t  th e s e  la r g e  c r o s s  
s e c t io n s  a r e  due to  d i r e c t l y  e je c te d  p h otop roton s b u t t h i s  e x p la n a t io n  
p r e se n ts  d i f f i c u l t i e s  w hich have s t i l l  t o  be r e so lv e d *  Fbr th o se  
c a s e s  in  which a  compound n u c le u s  i s  formed th e r e  i s  no e v id e n c e  t o  
determ ine w hether th e  a b so r p tio n  o f  a  photon le a d s  d i r e c t l y  t o  a  
compound n u c le u s  or whether th e  photon in t e r a c t io n  i s  c o n fin e d  to  a  ■ 
s in g le  n u c leo n  o r  sm a ll group o f  n u cleo n s which t r a n s f e r  t h e ir  energy  
t o  th e  n u c le u s  a s  a  whole by su b seq u en t c o l l i s i o n s *
There i s  n o t  s u f f i c i e n t  ex p er im en ta l in fo rm a tio n  t o  d e c id e  
fo r  o r  a g a in s t  e i t h e r  o f  th e  m odels su g g e s te d  a s  e x p la n a t io n s  f o r  th e  
g ia n t  resonan ce* S in c e  th e s e  m odels r e q u ir e  th e  fo rm a tio n  o f  a  compound 
n u cleu s  th ey  im ply th a t  th e  la r g e  (Yf p )  c r o s s  s e c t io n s  d is c u s s e d  above  
a re  due t o  some s e p a r a te  p ro cess*  The energy  dependence o f  th e s e  c r o s s
s e c t io n s  would th e r e fo r e  p ro v id e  a  t e s t  o f  th e  above m odels (an d , 
more g e n e r a l ly ,  o f  th e mechanism o f  th e  photon in t e r a c t io n )  s in o e  
i t  i s  u n l ik e ly  th a t  any s e p a r a te  p r o c e ss  would have th e  same en ergy  
dependence*
( i i )  F h o to d is in te g r a t io n  o f  L ig h t N u c le i*
For th e s e  n u c le i  th e  (Y ,n ) c r o s s  s e c t io n  has an 
en ergy  dependence which i s  s im i la r  to  th a t  f a r  h e a v ie r  n u c le i  b u t th e  
in te g r a te d  c r o s s  s e c t io n  f o r  th e  maximum i s  a  much s m a lle r  f r a c t io n  
o f  ttie t o t a l  in te g r a te d  c r o s s  s e c t io n  p r e d ic te d  by L ev in g er  and B ethe  
( s e e  F ig* 1*2 on p .  ^ a ) ,  T his i s  p a r t ly  due t o  th e  f a c t  th a t  th e  
(Y ,p ) c r o s s  s e c t io n  i s  r e l a t i v e l y  more im p ortan t in  th e s e  n u c le i  and  
may even  be la r g e r  than th e  (Y ,n ) c r o s s  s e c t io n *  However i t  seem s 
most l i k e l y  th a t  th e  combined in te g r a te d  c r o s s  s e c t io n s  f o r  th e  (Y ,p )  
and (Y ,n ) r e a c t io n s  i s  s t i l l  n o t  a  la r g e  f r a c t io n  o f  th e  L ev in ger  and 
Bethe p r e d ic t io n *  T h is im p lie s  th a t  e i t h e r  th e s e  r e a c t io n s  have a 
s i g n i f i c a n t  c r o ss  s e c t io n  a t  h ig h er  e n e r g ie s  o r  o th e r  r e a c t io n s  a r e  
r e l a t i v e l y  more im p ortan t f o r  l i g h t  n u c le i*  The r e s u l t s  o f  th e  c lo u d  
chamber measurements o f  G a er ttn er  and Y ea ter  in d ic a t e  th a t  o th er  
r e a c t io n s  a r e  q u it e  im p ortan t and th a t  t h e ir  c r o s s  s e c t i o n  i s  la r g e s t  
a t  an  en ergy  above th e  g ia n t  reson an ce*  There i s  no ex p er im en ta l  
in fo rm a tio n  abou t th e  mechanism o f  th e  photon in t e r a c t io n  in  l i g h t  
n u c le i*
I t  i s  c l e a r  th a t  th e r e  i s  a  need f o r  many more ex p er im en ta l 
r e s u l t s .  For th e  r e a so n s  g iv e n  b e lo w  i t  seem s l i k e l y  th a t  in fo rm a tio n  
on l i g h t  n u c le i  would be o f  p a r t ic u la r  v a lu e  in  e lu c id a t in g  th e
s r
mechanism o f  p h o to n u c lea r  r e a c t io n s *  T hese rea so n s  a re
( 1 )  The amount o f  in fo rm a tio n  p o t e n t i a l l y  a v a i la b le  i s  
g r e a t e r  s in c e  more p h o to n u clea r  r e a c t io n s  have s i g n i f i c a n t  c r o s s  
s e c t i o n s •
( 2 )  Much more i s  known ab ou t th e  g e n e r a l n u c le a r  p r o p e r t ie s  
o f  l i g h t  n u c le i*
( 3 )  I f  some form  o f  d ir e c t  e j e c t i o n  mechanism i s  o f  
im portance i t  sh ou ld  show up more c l e a r l y  in  l i g h t  n u c le i  where n u c leo n s  
produced in  t h is  way a r e  u n l ik e ly  t o  form  a  compound n u c leu s  by  
su b seq u en t c o l l i s i o n s *  .
For a  stu d y  o f  p h o to n u c lea r  r e a c t io n s  in  l i g h t  n u c le i  th e  
c lo u d  chamber has th e  fo l lo w in g  ad v a n ta g es
( 1 )  A r ea so n a b le  c h o ic e  o f  t a r g e t  n u c le i  s in c e  a  number o f  
l i g h t  e lem en ts  a r e  g a seo u s  or  produce s u i t a b le  gaseo u s compounds*
(2 )  Most p h o to n u c lea r  r e a c t io n s  produce v i s i b l e  e v e n ts  in  a  
c lo u d  chamber and e v e n ts  due to  d i f f e r e n t  r e a c t io n s  can g e n e r a l ly  be  
d is  t in g u is  hed •
(3 )  There a r e  no background d i f f i c u l t i e s  s in c e  th e  charged  
p a r t i c l e s  o f  i n t e r e s t  a r e  c l e a r l y  d is t in g u is h e d  from th e  e le c tr o n  
background and e v e n ts  due t o  n eu tron s a r e  few  and t h e i r  number ca n  be  
measured* The c lo u d  chamber can t h e r e fo r e  p ro v id e  unambiguous 
in fo rm a tio n  on (Yf p ) r e a c t io n s  w hich a r e  e x p e r im e n ta lly  d i f f i c u l t  t o  
stu d y  and appear t o  be o f  p a r t ic u la r  in t e r e s t *
( 4) The e n e r g ie s  o f  charged p a r t i c l e s  which s to p  in  th e
uchamber* can  be a c c u r a te ly  determ ined  from range measurements*
( 5) R ea ctio n s  in v o lv in g  th e  e m iss io n  o f  s e v e r a l  charged  
p a r t i c l e s  a r e  e a s i l y  s tu d ied *  E xcept fo r  a  few  r e a c t io n s  th a t  can be  
observed  in  n u c le a r  em u lsion s o r  le a d  t o  r a d io a c t iv e  p r o d u c ts9 th e s e  
r e a c t io n s  a r e  v i r t u a l l y  im p o ss ib le  t o  s tu d y  by any o th e r  tech n iq u e*
Hence th e  c lo u d  chamber sh o u ld  p r o v id e  a  more com p lete  
p ic tu r e  o f  th e  p h o to n u c lea r  r e a c t io n s  in  a  p a r t ic u la r  n u c le u s  than  
can be o b ta in e d  from o th e r  methods* B ecause o f  th e  tim e  req u ir ed  t o  
c o l l e c t  and a n a ly se  d ata  su ch  an in v e s t ig a t io n  w i l l  b e  a c o n s id e r a b le  
u n d ertak in g  b ut n e v e r th e le s s  i t  i s  c l e a r  from th e  need  f o r  mare d a ta  
th a t  th e  p o t e n t ia l  o f  th e  c lo u d  chamber method sh o u ld  be th o ro u g h ly  
in v e s t ig a te d *  The work d e sc r ib e d  in  t h i s  t h e s i s  was u n d ertak en  w ith  
t h i s  aim and a c o n sc io u s  e f f o r t  was made t o  g e t  th e  maximum amount o f  
d a ta  by s e e k in g  good tr a c k  q u a l i t y  and by c a r e f u l  a n a ly s is *
4 .  THE C12 (T . 3 a ) REACTION AND THE ISOTOPIC 
SPIH SELECTION RULES 
The C (T ,3 a ) r e a c t io n  i s  o f  p a r t ic u la r  i n t e r e s t  s i n c e ,  a s  
th e  most e x t e n s iv e ly  s tu d ie d  s t a r  prod u cin g  r e a c t io n ,  i t  p ro v id es  a  
good p ic tu r e  o f  b o th  th e  p o t e n t i a l i t i e s  and d i f f i c u l t i e s  o f  measurements 
on th e s e  r e a c t io n s*  In a d d it io n  i t  p r o v id e s  a  v e r y  c l e a r  c o n fir m a tio n  
o f  th e  v a l i d i t y  o f  th e  i s o t o p ic  s p in  s e l e c t i o n  r u le s  f o r  p h o to n u c lea r  
r e a c t io n s*  T hese r u le s  a r e  ex p ec ted  t o  d eterm in e many o f  th e  f e a tu r e s  
o f  th e  s t a r  produ cin g r e a c t io n s  in  neon w hich  a r e  th e  s u b je c t  o f  one
* i . e .  Ep <  3  Mev, Ea  <  12 Mev.
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4 (a )  E xperim ental R e su lts  can the C (Y*3a) R eaction*
A number o f  w orkers h are  s tu d ie d  t h i s  r e a c t io n  b y  m easuring  
th e  s t a r s  produced i n  n u c le a r  em u ls io n s  ( s e e  Go 55 f o r  summary and  
r e fe r e n c e s )*  The m ost e x te n s iv e  and thorough r e s u l t s  a r e  th o se  o f  
Gaward and W ilk ins (Go 5 3 , Go 55 and e a r l i e r  p a p er s ) who measured some 
2500 s t a r s  in  exp erim en ts l a s t i n g  s e v e r a l  y e a rs*  For th e  ir r a d ia t io n s
th ey  used  Y -rays from  th e  Id (p ,Y ) r e a c t io n  and 2 5 , 33  and 70 Mev X -rays*
12 \The C (Y ,3 a )  s t a r s  were I d e n t i f ie d  by c a lc u la t in g  th e  momentum
u n balan ce *  and a c c e p t in g  a l l  s t a r s  f o r  w hich t h i s  was l e s s  than  40  Mev*
12 13 ®
T his ex c lu d ed  a l l  e v e n ts  due t o  C (Y ,a p ) and C (Y ,3 a n ) r e a c t io n s  bu t
l  p
d id  n o t e x c lu d e  e v e n ts  due to  th e  C (Y ,3 a Y ') r e a c tio n *  However th e r e  
was e v id e n c e  to  show th a t  th e  number o f th e s e  e v e n ts  was a lm o st c e r t a in ly  
s m a ll* * . The energy o f  th e  Y -ray  p rod u cin g  a  d i s in t e g r a t io n  i s  th e r e fo r e  
eq u al t o  (E^ + 7*3) Mev, and th e  c r o s s  s e c t io n  was o b ta in e d  d i r e c t l y  from  
t h i s  en ergy  d is t r ib u t io n  and th e  X -ray  spectrum * The en erg y  r e s o lu t io n
* i*e*  th e  d if f e r e n c e  betw een  th e  momentum o f  th e  incom ing  
ph oton  and th e  r e s u l t a n t  momentum c a lc u la t e d  from  th e  tra d e  measurem ents 
assum ing th e  s t a r  t o  b e  due to  th e  C ^ (Y ,3 a )  r e a c t io n *
**The most d i r e c t  e v id e n c e  was t h a t ,  f o r  9G$ o f  th e  s t a r s  
produced in  th e Id (p ,Y ) i r r a d ia t io n ,  E ,( *  E ♦  Ea *
*  X  2  3
7*3 Mev l e s s  th an  th e  e n e r g ie s  o f  th e  known Y -ray l i n e s ,  i* e *  17*6  
Mev and 14*8 Mev* Other argum ents based  on agreem ent betw een  th e  
c r o s s  s e c t io n s  o b ta in ed  f o r  d i f f e r e n t  X -ray e n e r g ie s  and an  a n a ly s is  
o f  th e  mean momentum un b alan ce in  th e  d ir e c t io n  o f  th e  X -ray beam 
showed th a t  th e  p r o p o r tio n  o f  C ^ (Y f 3aY| ) e v e n ts  i s  m ost p rob ab ly  n o t  
s i g n i f i c a n t  a t  any energy*
of the investigations described in this thesis*
3/a.
n « .  1.9
12C ross s e c t io n  f o r  the C (Yf 3 a )  r e a c t io n  a s  measured 
by Goward and W ilk in s (Go 5 3 ) .
1 7 .6  Mev Y -ray l i n e  i s  1 Mev. T h is  c r o s s  s e c t io n  i s  g iv e n  i n  51g . 1*9
which shows th a t  i t  r i s e s  to  a  maximum a t  1 8 .3  Her, drops sh a r p ly  to  a
sm a ll v a lu e  a t  2 0 .5  Mev and th en  r i s e s  more s lo w ly  to  a  seco n d  maximum
a t  2 9 .4  Mev. I t  seem s l i k e l y  th a t  th e s e  broad maxima c o n s i s t  o f  a
s e r i e s  o f  n o t  f u l l y  r e s o lv e d  peaks which w ould im p ly  th e  fo rm a tio n  o f  a
compound nucleus *.
The method used  to  stu d y  th e  mechanism o f  th e  r e a c t io n  i s  a s
f o l lo w s .  I t  i s  p r o v is io n a l ly  assumed th a t  th e  r e a c t io n  i s  one o f  a
0
e m iss io n  to  a  l e v e l  in  Be which th en  b reaks up in t o  two a  p a r t ic le s *
12 8xi . e .  th a t  th e  r e a c t io n  can b e  w r it te n  C (Y ,a^)B e (a^»
known th en  E*, th e  en ergy  o f  th e  l e v e l  c o u ld  b e c a lc u la t e d  from th e
e n e r g ie s  and d ir e c t io n s  o f  th e  th ree  a  p a r t i c l e s .  S in c e  any o f  th e
th r e e  a  p a r t i c l e s  c o u ld  b e each s t a r  g iv e s  th r e e  p o s s ib le  v a lu e s  o f
E*, o n ly  one o f  w hich i s  s i g n i f i c a n t .  In  th e  E* d i s t r ib u t io n  th e s e
s i g n i f i c a n t  v a lu e s  w i l l  g iv e  peaks superim posed on a continuum  o f  sp u r io u s
12v a lu e s .  S in c e  th e  d ir e c t  d is in t e g r a t io n  o f  C in t o  th r e e  a  p a r t i c l e s  
w i l l  le a d  to  a  sm ooth d is t r ib u t io n  o f  app aren t E* v a lu e s^  th e  o ccu rren ce
o f  su ch  peaks j u s t i f i e s  th e  i n i t i a l  assu m p tion  and i d e n t i f i e s  th e
0
l e v e l s  o f  Be in v o lv e d . F u rth er , i f  th e  background o f  sp u r io u s  v a lu e s
*A c r o s s  s e c t io n  measurement by Coward, Jon es and L a sich  
(J o  55 ) p r o v id e s  fu r th e r  e v id en ce  f o r  th e  su g g e s te d  p e a k s . T hese  
w orkers measured th e p u lse  h e ig h t  d i s t r ib u t io n  due t o  C ^^(Y ,3a) e v en ts  
in  a  methane f i l l e d  io n iz a t io n  chamber ir r a d ia te d  w ith  33 Mev X -r a y s .
They a ch iev ed  a  r e s o lu t io n  o f  ab ou t 0 .4  Mev and found peaks (w hich  were 
n o t  w e ll  s e p a r a te d ) a t  e n e r g ie s  co rresp o n d in g  t o  th e  peaks s u g g e s te d  by  
th e  n u c le a r  em u lsion  m easurem ents.
indicated by the vidth at half height of the peak from the sharp
V I f  a , w ere
3  ^  Cl
5 - (<L)
1 2  16
E *  (McV)
2 4
P ig . 1 .1 0
8D is t r ib u t io n  o f  E*(Be ) v a lu e s  ( th r e e  v a lu e s  f o r  each  
s t a r )  fo r  C (Y f 3 a ) s t a r s  produced b y  qu anta  in  th e  
f o l lo w in g  en erg y  ra n g ess  ( a )  1 7 .0  -  1 8 .0  Mevj
(b )  1 8 .0  -  2 0 .0  Mev; ( c )  2 0 .0  -  2 5 .0  Mev; (d )  2 5 .0  -
2 6 .4  Mev; ( e )  above 2 6 .4  Mev. S ta r s  w hich g iv e  a  
v a lu e  o f  E# <  0 .3  Mev h ave been e x c lu d e d . The d o tte d  
cu rve  in  f i g .  ( a )  i s  th e  E* d i s t r ib u t io n  e x p e c te d  fo r  
th r e e  body d i s in t e g r a t i o n s .
i s  much l e s s  than  th e  number o f  e v e n ts  in  a  peak^only a  f e v  e r r o r s  
a re  made i f  t h i s  i s  i d e n t i f i e d  a s  th e  s i g n i f i c a n t  v a lu e  o f  E* f o r  the  
e v e n ts  concerned* This th en  i d e n t i f i e s  and so  e n a b le s  a n g u la r  
d is t r ib u t io n s  to  b e  obtained* C le a r ly  t h i s  a n a ly s i s  w i l l  b e  l e s s
0
s a t i s f a c t o r y  i f  a  number o f  Be l e v e l s  a r e  in v o lv e d  o r  i f  th e s e  l e v e l s  
a re  broad*
Coward and W ilkins determ ined  th e  E* d is t r ib u t io n s  f o r  a  
number o f  ranges o f  photon e n e rg y . They found th a t  a t  a l l  e n e r g ie s  
th e  r e a c t io n  i s  o f  th e  form C ^ (Y ,a^ )B e® x
0
abrup t change in  th e  Be l e v e l s  in v o lv e d  when Ey. ex ce e d s  26 Mev* T h is  can
be s e e n  from th e  d is t r ib u t io n s  reprod uced  in  Fig* 1*10* For Ey g r e a t e r
8than 26 Mev, 88$  o f  th e  d is in t e g r a t io n s  le a v e  Be in  narrow l e v e l s  a t  1 6 #8 
Mev, 17*6 Mev and p o s s ib ly  16*4 Mev. For Ey. l e s s  th an  25 Mev th e  f r a c t i o n s
0
o f  d is in t e g r a t io n s  le a v in g  Be in  v a r io u s  l e v e l s  v a ry  s l i g h t l y  abou t th e
following mean values - 83$ for the broad 2*95 Mev level, 7$ for the ground
s t a t e  and 10$  f o r  l e v e l s  betw een 4 and 15 Mev* The a n g u la r  d i s t r ib u t io n s *
f o r  Ey >  26 Mev and d is in t e g r a t io n s  to  th e  16*8 Mev l e v e l  show th a t  th e
i n i t i a l  photon a b so r p tio n  i s  by SI ( e l e c t r i c  d ip o le )  t r a n s i t io n s  and t h a t
th e  16*6 Mev l e v e l  has J (a n g u la r  momentum) ■ 2* I f  E l t r a n s i t io n s  a r e
assum ed th e a n g u la r  d is t r ib u t io n s  f o r  th e  17*4 Mev l e v e l  show t h a t  t h i s
l e v e l  h a s  J •  2 o r  p o s s ib ly  0* For E y <  25 Mev th e  d is t r ib u t io n s  o f  E*
v a lu e s  show th a t  th e  2*95 Mev l e v e l  must have J -  2 .  The n a tu r e  o f  th e
0
i n i t i a l  photon a b so r p tio n  f o r  d is in t e g r a t io n s  le a v in g  Be in  the 2*95 Mev
*l*e*  th e  a n g u la r  d is t r ib u t io n  o f  a . , th e  a n g u la r  c o r r e la t io n  
b etw een  a. and th e  d ir e c t io n  o f  break  up o f  tn e  Be n u c le u s  and th e  
a n g u la r  c o r r e la t io n  betw een t h i s  d ir e c t io n  and th e  d ir e c t io n  o f  th e  
incom ing photon*
(a ^ ,a ^ ) and th a t  th e r e  i s  an
4 o
l e v e l  i s  l e s s  c le a r *  Coward and W ilk in s  b e l i e v e  th a t  th e  a n g u la r  
d is t r ib u t io n s  show th a t  t h i s  i s  due t o  a  m ixture  o f  £1 and £2 t r a n s it io n s *  
However th ey  n o te  th a t  th e  assu m p tion  o f  1& + E2 t r a n s i t io n s  le a d s  to  
a n g u la r  d is t r ib u t io n s  which a re  o n ly  s l i g h t l y  w orse f i t s  t o  th e  
ex p er im en ta l d is t r ib u t io n s *  T hese d i s t r ib u t io n s  may b e  somewhat in
e rr o r  b eca u se  o f  a m b ig u it ie s  in  c h o o s in g  th e  c o r r e c t  E* f o r  a  broad
12 7le v e l*  Prom an a n a ly s i s  o f  C (Y ,3 a ) s t a r s  produced by L i (p ,Y )
r a d ia t io n  T e le g d i (Te 51 a ) c o n c lu d es  t h a t  th e  ex p er im en ta l d a ta  can be
f i t t e d  by a  m ixtu re  o f  Ml ♦  E2 t r a n s it ! o r e  and th a t  a  sm a ll adm ixture
o f  El t r a n s i t io n s  would probab ly  im prove th e  f i t .  C on seq u en tly  i t  seem s
b e s t  t o  regard  th e  n a tu re  o f  th e s e  t r a n s i t io n s  a s  an  open q u estio n *
12 8 ♦S in ce  th e  ground s t a t e s  o f  b oth  C and Be a r e  0 th e  i n i t i a l  photon
0
a b so r p tio n  f o r  th e  sm a ll f r a c t io n  o f  d is in t e g r a t io n s  le a v in g  Be in  th e  
ground s t a t e  must be due t o  e l e c t r i c  t r a n s i t io n s *  The a n g u la r  
d is t r ib u t io n s  show unam biguously th a t  th e s e  a r e  p red om in an tly  E2 t o r  
13 Mev ^  Er  <  1 5 .6  Mev, E l f o r  1 5 .6  Mev ^  Ey <. 20 Mev and E2 fo r  20
3
Mev -6 Ey. < 2 6 * 4  Mev* For th e s e  th r e e  energy ra n g es  th e  Be n u c leu s  i s  
l e f t  in  th e  ground s t a t e  f o r  1 2 $ , 5$  and 1 3 $  o f  d i s in t e g r a t i o n s .
4 (b )  The I s o to p ic  S p in  S e le c t io n  B u ies  and T h eir  A p p lic a t io n  to  the  
C1 2 ( r .q )  R e a c tio n .
The assu m ption  th a t  n u c le a r  f o r c e s  a r e  ch a rg e  in d ep en d en t has  
im p ortan t co n seq u en ces f o r  th e  p h o to d is in te g r a t io n  o f  l i g h t  n u c le i .
These con seq u en ces  a r e  u s u a l ly  e x p r e sse d  in  term s o f  th e  co n cep t o f  
i s o t o p ic  s p in  in tro d u ced  by Wigner (Wi 3 7 ) .  Protons and n eu tron s a re  
regard ed  a s  two p o s s ib le  s t a t e s  o f  a  n u c leo n  and t h i s  i s  ex p r essed
4/
fo r m a lly  by g iv in g  th e  n u cleo n  a n  i s o  to p ic  s p in  i n  ch arge  sp a ce  \
-r- 1 1th e  two p o s s ib le  o r ie n ta t io n s  c  * ♦ — and -  ■=■ co rresp o n d in g  to  p roton
Z c. £
and n eu tro n  r e s p e c t iv e ly *  In d e s c r ib in g  a  n u c le a r  s t a t e  th e  i s o t o p ic
sp in s  a r e  combined in  a way s im i la r  t o  a n g u la r  momentum v e c t o r s  t o  g iv e
a  t o t a l  i s o t o p ic  s p in  T « 2Tz h a v in g  a  z component T -  I r  m mm (H -  Z ).
Z *
12For example., a l l  s t a t e s  in  C w i l l  have « 0  but may have T -  0 ,  i f
th e r e  a r e  no co rresp o n d in g  s t a t e s  in  B12 and H1 2 ,  T •  1 i f  th e r e  a r e
co rresp o n d in g  s t a t e s  in  and H12 (w ith  T -  + 1 and -  1 r e s p e c t iv e ly ) ,z
and so  on .
R a d ic a ti (Ra 5 2 ) has shown th a t  f o r  e le c tr o m a g n e tic  t r a n s i t io n s  
th e  assu m ption  th a t  th e  n u c le a r  f o r c e s  a r e  ch arge in d ep en d en t le a d s  t o  
th e  fo l lo w in g  s e l e c t i o n  r u le s*
For a l l  m u l t ip o la r i t i e s
Z\ T •  0 ,  i  1 when T f  0
z
For El t r a n s i t io n s
i i  -  i  1 when T -  0*
Z
B ecause o f  th e  p r esen ce  o f  coulomb f o r c e s  and th e  n eu tro n -p ro to n  mass 
d if f e r e n c e  t h e s e  r u le s  a r e  n o t a b s o lu te  b u t sh o u ld  b e  r ea so n a b le  
ap p rox im ation s f o r  Z ^ 1 0 . The d ep a r tu res  from ch arg e  ind epen dence a re  
u s u a l ly  a llo w e d  f o r  by e x p r e s s in g  r e a l  s t a t e s  a s  a  m ixtu re  o f  a  
predom inant s t a t e  w ith  one T v a lu e  and an im p u rity  s t a t e  w ith  th e  o th e r
*K roll and F oldy (Kr 5 2 ) have p o in te d  o u t th a t  th e s e  r u le s  
f o l lo w  from th e  l e s s  r e s t r i c t i v e  assu m p tion  th a t  n u c le a r  fo r c e s  a re  
charge sym m etr ica l ( i . e .  n -  n and p -  p fo r c e s  a r e  e q u a l ) .  However 
b eca u se  o f  the c o n s id e r a b le  e v id e n c e  th a t  n u c le a r  f o r c e s  a re  charge  
in d ep en d en t i t  i s  u su a l to  d e r iv e  th e  above r u le s  from t h i s  more 
r e s t r i c t i v e  h y p o th e s is .
4-2-
Gell-M ann and T e le g d i (Ge 5 3 ) have p o in te d  ou t th a t  th e s e
s e l e c t i o n  r u le s  a re  o f  p a r t ic u la r  im portance fo r  (Y ,a )  and (Y,d)
r e a c t io n s  in  s e l f  c o n ju g a te  (N »  Z, T ■ 0 ) # ev en -ev en  n u c le i*  For2*
th e s e  n u c le i  th e  ground s t a t e  i s  0* and th e  lo v e s t  T •  1 s t a t e  i s  a t  
a r a th e r  h ig h  e x c i t a t io n  energy  W^ * S in c e  th e  a  p a r t ic l e  and th e  
d eu tero n  have T •  0  th e ir  e m iss io n  i s  s u b je c t  to  th e  s e l e c t i o n  r u le  
A T ■ 0* H ence, i f  n u c le a r  fo r c e s  a r e  s t r i c t l y  charge in d ep en d en t, 
th e s e  r e a c t io n s  w i l l  obey th e  fo l lo w in g  r u le s * .
(1 )  For Ey-<. a l l  a b s o r p tio n  p ro ceed s e i t h e r  by Ml 
t r a n s i t io n s  through a  s t a t e  w ith  J -  1 * , T -  0  o r  by E2 t r a n s i t io n s  
through a  s t a t e  w ith  J *  2 * , T «  0*
(2 )  For Ey a b so r p tio n  in t o  T -  1 s t a t e s  i s  p o s s ib le  by
E l,  E2 o r  Ml but such a b so r p tio n  can r e s u l t  in  d eu teron  or a  p a r t i c l e
e m iss io n  o n ly  i f  th er e  i s  s u f f i c i e n t  en ergy  f a r  th e  r e s id u a l  n u c leu s  t o
be l e f t  in  a T -  1 s t a t e *
(3 )  At any energy (Y ,d ) and (Y ,a )  r e a c t io n s  le a v in g  th e  
r e s id u a l  n u c leu s  in  a  T ■ 0  s t a t e  can o n ly  p roceed  a s  in  ( l ) *
(4 )  In p a r t ic u la r  a  (Y ,a )  t r a n s i t i o n  t o  th e  ground s t a t e  
o f  th e  r e s id u a l  n u c le u s  may proceed  o n ly  by E2 a b so r p tio n  th ro u ^ i a  
s t a t e  w ith  T -  0 ,  J *  2 * .
( 5) When c o r r e c te d  f o r  d i f f e r e n c e s  in  th r e sh o ld s  and b a r r ie r
*The wording o f  th e s e  r u le s  and th e  su b seq u en t d is c u s s io n  
assum e th a t  a  compound n u c le u s  i s  formed* As w i l l  be s e e n  th e  exp erim en ta l 
r e s u l t s  show th a t  th is  i s  th e c a se  f o r  th e  o n ly  (Y ,a )  r e a c t io n  th a t  has  
been f u l l y  in v e s t ig a t e d ,  namely C1 2 ( Y ,3 a ) .  The r u le s  a re  s t i l l  v a l id  
f o r  d i r e c t  in t e r a c t io n s  but a r e  th en  o f  l i t t l e  i n t e r e s t  s in c e ,  f o r  s e l f
c o n ju g a te  n u c le i ,  E l t r a n s i t io n s  ca n n o t le a d  to  th e  d ir e c t  e j e c t i o n  o f  an  
a  p a r t ic le *
T value*
4 3
p e n e t r a b i l i t i e s  (Y ,n ) and (Y ,p ) c r o s s  s e c t io n s  sh o u ld 9 f o r  each  
r e s id u a l  s t a t e ,  b e  id e n t ic a l  w ith  e a ch  o th e r .
S in ce  th e  s e l e c t i o n  r u le s  a r e  n o t a b s o lu te  th e r e  w i l l  be a  
sm a ll p r o b a b i l i t y  o f  d o r  a  e m iss io n  t o  a  T ■ 0  s t a t e  fo l lo w in g  E l,
E2 or Ml a b s o r p t io n  in to  a  T -  1 s t a t e .  R e-em iss io n  o f  Y -rays would 
probab ly  n o t  com pete s tr o n g ly  enough t o  su p p ress such  a  p r o c e ss  but 
n eu tron  or proton  e m is s io n  would be e x p e c ted  to  do s o .  Thus9 in  th e  
energy r e g io n  betw een and the th r e sh o ld  f o r  n eu tron  o r  p roton  
e m is s io n , w h ich ev er  i s  th e  lo w er , a  p a r t i c l e s  o r  d eu teron s may be
em itted  in  v i o l a t i o n  o f  r u le s  2 ,  3 and 4 .
12
For C th e  r e le v a n t  th r e s h o ld s  a re  a s  fo l lo w s  -  (Y ,a )
7 .4  Mev, (Y ,p )  1 6 .0  Mev, (Y ,n ) 1 8 ,7  Mev and (Y ,d ) 2 5 .2  Mev. The
12lo w e s t  T -  1 s t a t e  o f  C w i l l  be th e  an a lo g u e  o f  th e  ground s t a t e  o f
B12 and H1 2  and i s  th e r e fo r e  e x p ec ted  t o  b e  1* and to  have an en ergy
0
o f  about 1 5 .2  Mev. S im ila r ly  th e  lo w e s t  T »  1 s t a t e  o f  Be i s  ex p ected
+ 12 t o  be 2 and to  have an  energy o f  a p p ro x im a te ly  16*8 Mev. The C (Y ,a )
r e a c t io n  i s  th e r e fo r e  ex p e c ted  to  have th e  fo l lo w in g  f e a t u r e s .  Below
1 7  Mev the c r o s s  s e c t io n  w i l l  be eq u a l t o  th e  photon a b so r p tio n  c r o s s
s e c t io n .  T h is  w i l l  be sm a ll below  15 Mev, w here o n ly  E2 and Ml
t r a n s i t io n s  a re  a l lo w e d . I t s  v a lu e  betw een 15 and 17 Mev w i l l  depend
on the number o f  1 ~ , T «  1 s t a t e s  in  t h i s  en ergy  r e g io n . Between 17
Mev and 26 Mev th e  c r o s s  s e c t io n  w i l l  b e  sm a ll and due o n ly  to  E2 and
Ml t r a n s i t io n s  t o  T ■ 0  s t a t e s .  Above 26 Mev e m iss io n  t o  th e  T *  1
Q
s t a t e s  o f  Be Is  e n e r g e t i c a l ly  p o s s ib le  and th e r e fo r e  th e  c r o s s  s e c t io n  
i s  ex p ected  to  r i s e  and to  be due t o  E l t r a n s i t io n s *  S in c e , a t  th e s e
e n e r g ie s ,  th e  t o t a l  photon a b so r p tio n  c r o s s  s e c t io n  d e c r e a se s  w ith  
in c r e a s in g  energy th e  (Y ,cl) c r o s s  s e c t io n  sh o u ld  p ass through a  
maximum a t  an en ergy  a  l i t t l e  above 26 Mev*
T h is  p ic tu r e  i s  in  v e r y  good agreem ent w ith  th e  ex p erim en ta l 
r e s u lt s *  The o n ly  fe a tu r e  o f  th e s e  r e s u l t s  w hich i s  n o t s p e c i f i c a l l y  
p r e d ic te d  by th e  i s o t o p ic  s p in  s e l e c t i o n  r u le s  i s  th a t  th e  c r o s s  s e c t io n  
does n o t drop a t  17 Mev a s  i s  exp ected  from  th e  o n se t  o f  c o m p e tit io n  due 
to  th e  (Y ,p )  r e a c t io n .  In stea d  th e r e  i s  a  sharp drop a t  19 Mev w hich i s  
j u s t  above th e  (Y ,n )  th resh o ld *  However, a s  th e r e  i s  l i t t l e  d e f i n i t e  
in fo rm a tio n  on th e  n a tu re  o f  th e  photon t r a n s i t io n s  betw een  17 and 19 
Mev, i t  i s  q u it e  p o s s ib le  th a t  th e se  a r e  Ml and £2 t r a n s i t io n s  t o  T ■ 0
s ta t e s *  In t h i s  c a se  th e  maximum a t  18*3 Mev would s im p ly  be due t o
th e  p resen ce  o f  s u i t a b le  en ergy  l e v e l s  in  t h i s  energy  reg io n *  Hence 
w h ile  t h i s  r e s u l t  d oes n o t  f o l lo w  from th e  i s o t o p io  s p in  s e l e c t i o n  
r u le s  i t  i s  n o t in  c o n f l i c t  w ith  them*
12As has been m entioned >th e r e  i s  good e v id e n c e  th a t  th e  C (Y ,3 a )  
r e a c t io n  in v o lv e s  th e  fo rm a tio n  o f  a  compound n u c leu s*  The most d ir e c t  
e v id e n c e  i s  th a t  above 26 Mev th e  r e a c t io n  i s  due to  E l t r a n s i t io n s *
S in c e  th e  a b so r p tio n  o f  a  quantum by an E l t r a n s i t i o n  r e q u ir e s  th e
d isp la cem en t o f  the c e n tr e  o f  ch arge  r e l a t i v e  t o  th e  c e n tr e  o f  mass i t
cannot le a d  t o  th e  d ir e c t  e j e c t i o n  o f  an  a  p a r t ic le *  Between 26 and  
30 Mev th e  r a t io  (Y ,a )/T ~ ( (Y ,n ) + (Y ,p ) )  i s  ^  0 * 1 . As t h i s  i s  a  
rea so n a b le  v a lu e  f o r  th e  r a t i o s  o f  e m is s io n  from a  compound n u c leu s  i t  
s u g g e s ts  t h a t  in  t h i s  en ergy  r e g io n , a t  l e a s t ,  most p h o to n u c lea r
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The f a c t  th a t  th e  c r o s s  s e c t i o n  cu rve  p rob ab ly  c o n s i s t s  o f  a  s e r i e s  
o f  u n re so lv ed  peaks a l s o  s u g g e s t s  t h a t  a  compound n u c le u s  i s  form ed.
In a d d it io n 9 w h ile  i t  i s  p o s s ib le  to  im agine a  mechanism th a t  would
g
le a d  t o  the d ir e c t  e m iss io n  o f  an  a  p a r t i c l e  le a v in g  Be i n  an  e x c it e d
s t a t e ,  i t  seem s much more l i k e l y  th a t  a  d ir e c t  e m is s io n  would r e s u l t
in  a  th ree -b o d y  break  up .
5 . CHOICE OF CLOUD CHAMBER EXPERIMENTS
As has b een  p o in ted  ou t th e r e  a re  good r ea so n s  fo r  b e l ie v in g
th a t  a  program o f  p h o to n u c lea r  in v e s t ig a t io n s  u s in g  a  c lo u d  chamber
would p r o v id e  new and v a lu a b le  in fo rm a tio n  abou t (Y ,p ) ,  (Y ,pn ) and th e
s t a r  p rod u cin g  r e a c t io n s  i n  l i $ i t  n u c le i .  The p a r t ic u la r  r e a c t io n s
s tu d ie d  in  th e  p r e se n t  in v e s t ig a t io n  were th e  He4 (Y ,p ) r e a c t io n ,  th e
p h o to n u c lea r  r e a c t io n s  in  H 4^ and th e  ( Y ,a ) ,  (Y ,2 a ) and (Y ,ap )
20r e a c t io n s  in  He • The r ea so n s  f o r  t h i s  c h o ic e  a r e  o u t l in e d  below  
and a r e  d is c u s s e d  in  more d e t a i l  in  th e  c h a p ter s  co n cern ed .
5 ( a )  The He4 (Y .p ) R e a c tio n .
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I t  i s  c le a r  t h a t  th e  p h o to n u c lea r  c r o s s  s e c t i o n  o f  He w i l l  
be an im portant t e s t  f o r  any p h o to n u c lea r  th e o r y . At th e  tim e t h i s  
exp erim en t was s t a r t e d  (m id -1950) th e r e  were no o th e r  measurements o f  
th e  He4 (Y ,p ) c r o s s  s e c t i o n .  S in c e  He4 (Y ,p )  e v e n ts  a r e  q u it e  d i s t i n c t i v e  
and can b e  m easured a c c u r a t e ly ,  th e  c lo u d  chamber method i s  a  v e r y  
s u i t a b le  one f o r  t h i s  m easurem ent. C o n v erse ly  t h i s  exp erim en t i s  a  v ery  
s u i t a b le  one f o r  d e v e lo p in g  th e  te c h n iq u e  f o r  p h o to n u c lea r  s t u d ie s  in  a  
c lo u d  cham ber. Two fu r th e r  c o n s id e r a t io n s  were o f  im portance in  th e
12disintegrations in C involve the formation of a compound nucleus.
p r e se n t c a se  where th e  peak en erg y  o f  th e  sy n ch ro tro n  a v a i la b le  was 
o n ly  a  few  Mev above th e r e a c t io n  th resh o ld *  T hese w ere th a t  th e  
e x i s t i n g  ex p er im en ta l and t h e o r e t i c a l  r e s u l t s  in d ic a te d  t h a t 9 n e v e r t h e le s s ,  
a  la r g e  number o f  H e*(Y ,p) e v e n ts  c o u ld  be o b ta in e d  q u it e  e a s i l y  and 
th a t  a  c r o s s  s e c t io n  measure ms n t  i n  th e  en ergy  r e g io n  l u s t  above  
th r e s h o ld  was o f  p a r t ic u la r  im portance*
5 ( b ) The P h o to d is in te ^ r a t ia n  o f  N itr o g e n *
The above r ev ie w  has shown t h a t  in fo rm a tio n  on a  number o f  
p h o to n u c le a r  r e a c t io n s  in  one p a r t ic u la r  n u c le u s  i s  c o n sp ic u o u s ly  absen t*  
S in c e  m ost p h o to n u c lea r  r e a c t io n s  produce v i s i b l e  e v e n ts  in  a  c lo u d  
chamber one im p ortan t a p p l ic a t io n  o f  th e  c lo u d  chamber method would b e  
t o  s tu d y  th e  v a r io u s  r e a c t io n s  i n  one n u c leu s* jl4 ap p ears to  b e a
most s u i t a b le  c h o ic e  f o r  su ch  a  su r v e y , p a r t ly  b eca u se  o f  th e  number o f  
r e a c t io n s  th a t  can be s tu d ie d  w ith o u t c o n fu s io n  and a l s o  b ecau se  th e  
(Y ,p ) ,  (Y ,n )  and (Y ,p n ) r e a c t io n s  a l l  have th r e s h o ld s  which a r e  w e l l  
b elow  th e  en ergy  o f  th e  g ia n t  reson an ce*  Thus a  s tu d y  o f  th e s e  
r e a c t io n s  m ight be ex p ected  t o  y i e l d  in fo rm a tio n  abou t th e  change in  th e  
n a tu re  o f  the p h o to n u c lea r  p r o c e ss  in  g o in g  from  e n e r g ie s  b elow  to  
e n e r g ie s  in  th e  v i c i n i t y  o f  th e  g ia n t  resonan ce*
5 ( c )  H e ^ T . a ) .  He2 0 (T .2 a )  and M«2 0 (T .a p ) R e a c tio n * .
12The measurements on th e  C (Y ,3 a )  s t a r s  show th a t  a  s tu d y  o f
th e  s t a r  p rod u cin g  r e a c t io n s  can  p ro v id e  in fo r m a tio n  on th e  mechanism
o f  th e s e  r e a c t io n s*  T h is in fo rm a tio n  i s  o f  p a r t ic u la r  v a lu e  s in c e
i t  i s  n o t p o s s ib le  to  g e t  s im i la r  in fo rm a tio n  f o r  o th e r  r e a c t io n s*
12A l im i t a t i o n  on the C (Y ,3 a ) r e s u l t s  was th a t  th e c r o s s  s e c t io n  was
i n t e r e s t .  As i s  shown in  C hapter V th e r e  a r e  good rea so n s  f o r  b e l ie v in g
20th a t  th e  (Yf 2 a ) and (Y ,ap ) r e a c t io n s  i n  He w i l l  have a p p r e c ia b le
c r o s s  s e c t io n s  in  th e  r e g io n  o f  th e  g ia n t  reso n a n ce  and th a t  in  t h i s
r e s p e c t  th ey  a r e  prob ab ly  un iq u e among s t a r  produ cin g r e a c t io n s  in
l i # i t  n u c l e i .  A fu r th e r  rea so n  f o r  i n t e r e s t  in  t h e s e  r e a c t io n s  i s
th a t  the c r o s s  s e c t io n s  f o r  th e  (Yt a ) ,  (Y ,2 a ) and (Y ,a p ) r e a c t io n s  a r e
s u b je c t  t o  th e  same i s o t o p ic  s p in  s e l e c t i o n  r u le s  a s  was th e  C (Yt Sa)
12c r o s s  s e c t i o n .  S in ce  th e  r u le s  a re  known t o  b e  v a l id  f o r  C i t  would
20be o f  i n t e r e s t  to  s e e  i f  th e y  a r e  e q u a lly  v a l id  fo r  He where th e  
e f f e c t  o f  coulomb fo r c e s  w i l l  be g r e a t e r .  The s t a r s  produced in  Neon 
can o n ly  b e  m easured in  a  c lo u d  cham ber.
small in the region of the giant resonance which is of considerable
Chapter I I
APPARATUS AKD EXPERIMENTAL PROCEDUBE
When t h i s  in v e s t ig a t io n  was s t a r t e d  v e ry  l i t t l e  was known 
ab ou t th e  problem  o f  o p e r a tin g  a  c lo u d  chamber in  th e  X -ray  beam o f  an  
e le c t r o n  sy n ch ro tro n  o r  b e ta tr o n . The o n ly  p r io r  i n v e s t ig a t i o n ,  w hich  
u sed  th e  G eneral E le c t r ic  100 Mev b e ta tr o n  a t  S ch en ecta d y , was s t i l l  in  
p r o g r e s s .  In  t h i s  work G a erttn er  and  Y ea ter  had had a s  a  prim ary aim th e  
maximum p o s s ib le  r e d u c tio n  in  th e  c lo u d  chamber c y c l in g  tim e  and f o r  
t h i s  pu rp ose had d ev e lo p ed  an  ex p a n sio n  chamber o f  n o v e l d e s ig n  (Ga 4 9 )  
( in c o r p o r a t in g  overcom p ression  f o l lo w in g  th e  f a s t  ex p a n sio n ) b u t , in  
t h e i r  c a s e ,  o f  sm a ll d im en sion s (5 *  diam . x  l - l / 4 "  d e e p ) . One im p ortan t  
c o n c lu s io n  from  th e  work d e sc r ib e d  in  t h i s  t h e s i s  i s  th a t  good r e s u l t s  
can  be o b ta in e d  w ith  stan d ard  ex p a n sio n  chamber te c h n iq u e s . The q u a l i t y  
o f  th e  tr a c k s  can be judged from th e  exam ples in  th e  accom panying  
f o ld e r  an d , as an i l l u s t r a t i o n ,  i t  m igh t b e  n o ted  th a t  th e  tr a c k s  o f  
r e c o i l  n u c l e i ,  1/5t & -  3 mm lo n g ,  w ere sharp  and w e ll  d e f in e d  and c o u ld  
b e m easured w ith  rea so n a b le  a c c u r a c y . A lthough i t  i s  d i f f i c u l t  t o  make 
a f a i r  judgem ent on th e  b a s i s  o f  th e  ph otographs p u b lish e d  in  jo u r n a ls  
(Ga 4 9 , Ga 5 1 b ) , i t  seem s p rob ab le  th a t  th e  tr a c k s  o b ta in ed  by G a erttn er  
and Y ea ter  a r e  o f  low er q u a l i t y  than th o s e  o b ta in ed  in  G lasgow . The 
G lasgow  tr a c k s  a r e  sh arp er  th an  th e  p h o to -n u c le a r  e v e n ts  reproduced in  
•An A tla s  o f  T y p ic a l Expansion Chamber Photographs* (Ge 5 4 ) .  These  
e v e n ts  w ere photographed in  some p r e lim in a r y  measurements a t  S ch en ectad y  
w ith  a  1 2 ” ex p an sion  chamber (Ba 4 8 )  and may have been  ch o sen  in  
p r e fe r e n c e  to  th o se  o b ta in ed  by G a erttn er  and Y e a te r .
A ll  th e  exp erim en ts d e sc r ib e d  in  t h i s  t h e s i s  were c a r r ie d  o u t  
w ith  th e  23 Mev syn ch ro tro n  a t  th e  U n iv e r s ity  o f  G lasgow . At peak  
energy  t h i s  m achine gave an X -ray y i e l d  o f  1 r /m in . a t  1 m etre and th e s e
X -rays w ere produced in  a  s e r i e s  o f  p u ls e s  each 40 |is  lo n g  and sep a r a te d
by in t e r v a l s  o f  l / 5 0 t h  s e c .  For o p e r a tio n  w ith  an  ex p a n sio n  chamber th e
ou tp u t from  th e  sy n ch ro tro n  was r e s t r i c t e d  to  a  s i n g l e  p u ls e  o f X -rays
and th e  s t a r t  o f  th e  exp an sion  was tim ed s o  th a t  th e  X -rays were 
produced j u s t  when th e  chamber had reach ed  maximum s u p e r s a tu r a t io n .  
B ecause o f  t h i s  p e r f e c t  s h u t te r in g  (w hich i s  a  common fe a tu r e  o f  roost 
h ig h  en ergy  a c c e le r a t o r s )  th e r e  was no n eed  f o r  th e  chamber to  have any  
s p e c ia l  c h a r a c t e r i s t i c s  su ch  a s ,  f o r  exam ple, a  lo n g  s e n s i t i v e  tim e or  
a  f a s t  ex p a n sio n  r a t e .  A cco rd in g ly  th e s e  ex p erim en ts  were c a r r ie d  o u t  
w ith  a  c o n v e n tio n a l volum e d e f in e d  ex p a n sio n  chamber ( o f  s e n s i t i v e  volum e 
12” diam . x  2 - l / 2 "  d eep) w hich was a lr e a d y  a v a i la b le  in  th e  la b o r a to r y  
and proved to  be v e r y  s u i t a b le .  In p a r t ic u la r  i t  was la r g e  enough t o  
en a b le  th e  e n e r g ie s  o f  p roton s w ith  e n e r g ie s  up t o  3 - l / 2  Mev and a lp h a  
p a r t i c l e s  w ith  e n e r g ie s  up t o  12  Mev t o  be determ in ed  a c c u r a t e ly  from  
range m easurem ents w ith  a  f i l l i n g  p r e ssu r e  su ch  th a t  th e  ran ges o f  
r e c o i l  n u c le i  w ith  Z ^ 10 c o u ld  be measured a t  th e  same t im e .
A m ajor d i f f i c u l t y  in  a lm o st a l l  exp erim en ts w ith  e le c tr o n
sy n ch ro tro n s  i s  th e  v ery  la r g e  number o f  background e le c t r o n s  produced
by th e  X -ray  beam. Thus f o r  th e  h eliu m  ex p erim en t, in  which th e  X -ray
beam p a ssed  through a  l / 4 *  g la s s  w a ll on e n te r in g  th e  c lo u d  cham ber, th e
e s t im a te d  number o f  r e l a t i v i s t i c  e le c t r o n s  c r o s s in g  th e  chamber per  
5
exp a n sio n  i s  10  • T h is f ig u r e  em phasizes th e  e x c e l le n c e  o f  th e
S~o
d is c r im in a t io n  betw een p ro to n s and e le c t r o n s  p rov id ed  by th e  c lo u d  
chamber b u t a l s o  in d ic a t e s  th a t  th e r e  i s  a  r e a l  problem  in  c le a r in g  
r e s id u a l  n u c le i  from th e  chamber b e fo r e  th e  n e x t expansion* I t  was found  
th a t  t h i s  co u ld  be done q u it e  s im p ly  by w a it in g  f o r  some 15 s e c s *  a f t e r  
th e  f a s t  ex p a n sio n  and th en  making th e  normal s lo w  ex p a n sio n s a t  a  
s u f f i c i e n t l y  s lo w  r a t e .
The v a lu e  o f  overcom p ression  in  red u c in g  th e  c y c l in g  tim e o f  
a  c lo u d  chamber o p e r a tin g  in  an X -ray beam h as been em phasized and c l e a r ly  
dem on strated  by G a erttn er  and Y ea ter  (Ga 4 9 , Ga 51b) who o b ta in e d  a  
c y c l in g  tim e o f  5 -  7 s e c s*  and, more r e c e n t ly 9 by G oldw asser and N ic o la i  
(Go 55a) who used  a  12" diam* x  3" deep ex p a n sio n  chamber a t  a  c y c l in g  
tim e o f  15 s e c s*  No .a ttem p t was made t o  in v e s t ig a t e  th e  u se  o f  t h i s  
tec h n iq u e  in  th e  exp erim en ts d e sc r ib e d  h ere  s in c e 9 q u ite  a p a rt from the  
c o n s id e r a t io n  th a t  th e  good tra ck  q u a l i t y  may w e l l  be a  con seq u en ce o f  
th e  s t a b i l i t y  and r e l i a b i l i t y  o f  th e  volum e d e f in e d  ex p a n sio n  chamber, 
th e  s a v in g  o f  tim e would have been  o f  l i t t l e  v a lu e  and much l e s s  than  
th e  p ro b a b le  developm ent tim e ( s e e  Go 55s)* For each  o f  th e  exp erim en ts  
d e sc r ib e d  h e r e  th e  ta k in g  o f  photographs was com p leted  in  a  p e r io d  o f  3  
o r  4 weeks w ith  machine tim e b e in g  sh ared  w ith  o th e r  exp erim en ters*
Both p r e p a r a tio n  f o r  an  exp erim en t and a n a ly s i s  o f  th e  photographs tak en  
alw ays to o k  c o n s id e r a b ly  lo n g e r  th a n  t h is *  The u se  o f  a  f a s t  c y c l in g  
chamber would be o f  r e a l  v a lu e  when m achine runn ing c o s t s  a r e  h ig h *  o r  
in  an exp erim en t w ith  in fr e q u e n t ly  o c c u r r in g  e v e n ts  s o  th a t  m achine tim e  
i s  g r e a t e r  th an  a n a ly s i s  t im e .
*For our exp erim en ts th e  g r e a t e s t  runn ing exp en se was th e c o s t  
o f  th e  f i l m  f o r  th e  c lo u d  chamber cameras*
The d i f f u s io n  chamber came in t o  prom inence d u rin g  th e  co u rse  
o f  t h is  in v e s t ig a t io n  when th e  ex p a n sio n  chamber was a lr e a d y  in  u se  and  
q u it e  a  l o t  had been  le a r n t  abou t th e  te c h n iq u e  o f  o p e r a t in g  i t  in  th e  
sy n ch ro tro n  X -ray beam. As a  r e s u l t  i t s  use f o r  t h i s  in v e s t ig a t io n  was 
n e v e r  s e r io u s ly  c o n s id e r e d 9 e s p e c ia l ly  a s  th e r e  was no rea so n  t o  e x p e c t  
any im provem ent in  tr a c k  q u a l i t y  and th e r e fo r e  i t s  o n ly  p o s s ib le  
advan tage was a  r e d u c tio n  in  th e  c y c l in g  t im e . E xperim en tal t e s t s  made 
su b se q u e n tly  in  Glasgow by P . Swinbank (p r iv a t e  com m unication from J.M.
R eid) showed t h a t ,  in  f a c t ,  th e  d i f f u s io n  chamber i s  r a th e r  l e s s  
s u i t a b le  f o r  p h o to n u c lea r  exp erim en ts s in c e  i t  c e a se d  to  fu n c t io n  
s a t i s f a c t o r i l y  w ith  a  d e n s ity  o f  background e le c t r o n  tr a c k s  which was 
w e ll  w ith in  th e  c a p a b i l i t i e s  o f  th e  ex p a n sio n  chamber.
The rem ainder o f  t h i s  ch a p ter  c o n ta in s  a  d e s c r ip t io n  o f  th e  
exp a n sio n  chamber and th e  arrangem ents made f o r  o p e r a tin g  i t  in  
c o n ju n c tio n  w ith  th e  sy n ch ro tro n , to g e th e r  w ith  comments on o p e r a t in g  
procedure and c lo u d  chamber p erform ance. I t  a l s o  c o n ta in s  a  d e s c r ip t io n  
o f  th e  cam eras and th e  equipm ent used  f o r  tr a c k  measurement by r e p r o j e c t io n .  
T h is r e p r e s e n ts  th e  a p p aratu s and ex p er im en ta l p roced u res w hich were 
e s s e n t i a l l y  common t o  th e  th ree  exp erim en ts d e sc r ib e d  l a t e r .  The methods 
u sed  to  a n a ly s e  th e  tr a c k s  o f  r e c o i l  n u c le i  ( in v o lv in g  ex a m in a tio n  o f  th e  
f i lm  under a  low -pow ered m icro sco p e) a r e  n o t d e sc r ib e d  h ere  s in c e  i t  i s  
f e l t  th a t  th e y  a r e  b e s t  u n d erstood  w ith in  th e  c o n te x t  o f  th e  n itr o g e n  and  
neon ex p erim en ts f o r  w hich th ey  were d e v e lo p e d . The q u a l i t y  o f  th e  
r e c o i l  tr a c k s  o b ta in ed  in  th e  n itr o g e n  exp erim en t w as, in  f a c t ,  a  s u r p r is e  
and th e  te c h n iq u e  o f  m icroscop e measurement was in tro d u ced  a f t e r  th e
v a  y\/iy m wzm m t t t i .
r ia .
With the exception of 5, 12,15 ond 
17 al l  metal parts are of brass.
Pig. 2.1
1 .  Top g la s s  p l a t e .
2 .  U ch ann el rubber g a s k e ts  •
3 .  P erspex  c y l in d e r  w ith  0*090" t h ic k  window*
4 .  U nshu ttered  Fo a  source*
5 . Thermal s h i e ld  o f  alum inium  s h e e t  w ith  e a t e r  c o o l in g
tu b es top  and bottom*
6. G rid w ires*
7 . B lack  v e lv e t  d o t h *
6 .  Gas ir a ls t  (0 .0 2 0 "  d i a . ) .
9* P e r fo r a ted  b a se  p la te *
10* Rubber dlaphram*
11* P e r fo r a ted  s to p  p la te *
1 2 . Screw f o r  s e t t i n g  ex p a n sio n  r a t io *
1 3 .  I n le t  t o  lo w er  chamber*
1 4 . Sylphon b e llo w s*
15* Expansion v a lv e *
1 6 . O u tle t  t o  low  p r e ssu r e  r e s e r v o ir *
17* R ese t s o le n o id  and p lu nger*
$"2. X
For Fig. 2*1, see previous page.
photographs were taken  in  a  form  a p p ro p r ia te  t o  t h i s  s i t u a t io n *  The 
neon experim en t used  a  m o d ified  camera arrangem ent and a  method o f  
a n a ly s is  which were d evelop ed  f o r  f i lm  measurement by m icro sco p e .
1 .  EXPANSION CHAMBER 
1 (a )  C o n str u c tio n a l D e ta ils *
The c o n s tr u c t io n a l d e t a i l s  o f  th e  co n v e n tio n a l volum e d e f in e d  
ex p a n sio n  chamber used can be a s c e r ta in e d  from th e  draw ing in  f ig *  2*1 
and from th e  fo l lo w in g  n o te s  w hich in c lu d e  comments on th e  m o d if ic a t io n s  
made d u r in g  th e  co u rse  o f  th e s e  experim en ts*  The paragraph numbers 
corresp on d  to  th e  item  numbers o f  f ig *  2*1*
( l )  Top G lass P la te  and P r o v is io n  o f  E le c t r o s t a t i c  C le a r in g  
f i e l d  -  th e  top  g la s s  p la t e  was a  " T rip lex*’ sandw ich in  which a  l / 2 "  
th ic k  p ie c e  o f  toughened p la t e  g la s s  was la m in a ted  to  a  p ie c e  o f  l / 4 "  
p la t e  g la s s *  With t h is  p la t e  th e  chamber c o u ld  be op era ted  a t  p r e ssu r e s  
s e v e r a l  tim es a tm osp h eric9 th e  makers s t a t i n g  th a t  i t  w i l l  s ta n d  an 
e x c e s s  p r e ssu r e  o f  th ree  atm ospheres w ith  a  s a f e t y  f a c t o r  o f  f iv e *
B ecause o f  th e  n a tu re  o f  th e  tou g h en in g  p r o c e ss  th e  su r fa c e  o f  t h i s  p la t e  
co u ld  n o t  be r e p o lish e d  a f t e r  trea tm en t b u t9 n e v e r t h e le s s 9 i t  d id  n o t  
produce any d e te c ta b le  o p t ic a l  d is t o r t io n *  The e l e c t r o s t a t i c  c le a r in g  
f i e l d  was a p p lie d  betw een th e  b a se  o f  th e  c lo u d  chamber and a  r in g  o f  
aquadag p a in te d  on th e  u n d ersid e  o f  th e  to p  g la s s  p la t e  a lo n g  th e  o u t s id e  
edge* The f i e l d  used  v a r ie d  from  25 v o l t s  p e r  cm* t o  50 v o l t s  per cm# 
ftor th e  N itrogen  and Neon ex p erim en ts  p r o v is io n  was made fo r  tu rn in g  o f f  
th e  c le a r in g  f i e l d  a t  the s t a r t  o f  th e  ex p a n sio n  f o r  a  p e r io d  o f  2 second s*
(3 )  P ersp ex C y lin d e r .
( i )  fb r  th e  Helium exp erim en t th e  c lo u d  chamber was
n .
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o p era ted  u s in g  th e  12** d ia .  x  2-1/2** x  l / 4 H th ic k  g la s s  c y l in d e r  w ith  
which i t  was o r ig in a l ly  f i t t e d .  As can be se e n  from P la t e s  1 - 3  ( s e e  
se p a r a te  f o ld e r )  th e r e  was a  v e r y  c o n s id e r a b le  background o f  e le c t r o n s  
produced in  th e  w a ll  by th e  X -ray  beam though n o t s u f f i c i e n t  to  obscu re  
p roton  tr a c k s .
( i i )  I t  was c l e a r l y  v ery  d e s ir a b le  to  red u ce  th e  
number o f  background e le c t r o n s  e s p e c ia l ly  f o r  work w ith  o th e r  g a se s  o f  
h ig h er  s to p p in g  power and th e r e fo r e  g r e a te r  io n iz a t io n  p e r  e le c tr o n  
tr a c k . For th e  N itro g en  and Neon ex p erim en ts th e  g la s s  c y l in d e r  was 
r ep la ce d  by a  p ersp ex  c y l in d e r  which was m achined t o  p ro v id e  an e n tra n ce  
window f o r  th e  X -r a y s f 4* x  l- l /4 * *  x  0.090** t h ic k .  With t h i s  window th e  
e le c tr o n  background was red u ced  t o  a  s a t i s f a c t o r y  l e v e l  ( s e e  P la t e s  4  -  
1 5 ) .  The r e d u c tio n  i n  e le c t r o n  background can  b e  judged by com paring  
the background in  P la te s  1 - 3  w ith  a  background midway betw een th a t  in  
P la te s  4 - 5  and th a t  in  P la t e s  13 -  1 6 . T h is com parison a llo w s  f o r  th e  
d if f e r e n c e s  in  X -ray y i e l d  and s to p p in g  power o f  th e  g a s e s .
(5 )  Thermal S h ie ld  -  f o r  th e  Helium exp erim en t th e  c lo u d  
chamber was f i t t e d  w ith  a s im p le  w a ter  c o o l in g  c o i l  p la c e d  around th e  
b a se  p la t e  ( 9 ) 9 th u s  en su r in g  th e  d e s ir a b le  c o n d it io n  o f  n o n -c o n v e c t iv e  
s t a b i l i t y  in  th e  g a s  o f  th e  c lo u d  chamber (Wi 5 1 ^ /  However under th e s e  
c o n d it io n s  th e  ex p a n sio n  r a t i o  had t o  be in c r e a s e d  a t  in t e r v a l s  d u r in g  a  
run a s  th e  room tem perature r o s e  c o n s id e r a b ly  b eca u se  o f  th e  h e a t  
produced by th e  sy n ch ro tro n  m agnet. For th e  N itr o g e n  and Neon exp erim en ts  
th e  c lo u d  chamber was f i t t e d  w ith  a  s im p le  therm al s h i e ld  c o n s i s t in g  o f  
an alum inium  c y l in d e r  e x te n d in g  from  th e  b a se  p la t e  to  6" above th e  top
«o f  th e  c lo u d  chamber* T h is c y lin d e r  was c o o le d  by w ater tu b es a t  th e  
to p  and bottom  and had two la r g e  windows l e v e l  w ith  th e  p ersp ex  c y l in d e r  
t o  a l lo w  f o r  illu m in a t io n *  T h is  arrangem ent proved q u it e  e f f e c t i v e  in  
i s o l a t i n g  th e  c lo u d  chamber from th e  changes in  room tem p erature and th e  
optimum s e t t i n g  f o r  th e  ex p a n sio n  r a t i o  n o rm ally  rem ained unchanged from  
s t a r t  t o  f i n i s h  o f  a  sev en  hour run* S in c e  th e  e x c e s s  w ater in  th e  
chamber was n ev er  ob served  to  con d ense  on e i t h e r  th e  p ersp ex  w a ll  o r  th e  
to p  g la s s  p la t e  i t  fo l lo w s  th a t  t h i s  arrangem ent a l s o  p ro v id ed  a  s u i t a b le  
tem p erature d is t r ib u t io n  f o r  n o n -c o n v e c t iv e  s t a b i l i t y  o f  th e  gas*
(6 )  The r e c ta n g u la r  g r id  o f  f i n e  w ires  w hich p rov id ed  f i d u c i a l  
m arkers f o r  th e  N itro g en  and Neon ex p erim en ts  was 6 mm above th e  b a se  
p la t e  (9 )*  The w ir e s  p a r a l l e l  to  and p e r p e n d ic u la r  t o  th e  d ir e c t io n  o f  
i l lu m in a t io n  were 0 .0 0 5 "  and 0*002" d ia ,  r e s p e c t iv e ly *
(1 0 )  Rubber Diaphram -  f o r  th e  Neon exp erim en t th e  0*043"  
t h ic k  diaphram o f  n a tu r a l rubber u sed  in  the Helium  and N itro g en  
ex p erim en ts  was r e p la c e d  by a  0*046" th ic k  diaphram o f  b u ty l rubber* T h is  
s y n t h e t ic  rubber i s  v e ry  much l e s s  perm eable to  g a se s  th an  i s  n a tu r a l  
ru b b er*  and e f f e c t i v e l y  so lv e d  th e  problem s a s s o c ia t e d  w ith  th e  d i f f u s io n  
o f  g a se s  through the diaphram* I t s  e l a s t i c i t y  i s  c o n s id e r a b ly  l e s s  than  
th a t  o f  n a tu r a l rubber b u t t h i s  d id  n o t produce any n o t ic e a b le  d i f f e r e n c e  
i n  th e  perform ance o f  the chamber*
*For th e  n a tu ra l rubber diaphram th e  d i f f u s io n  r a t e  f o r  a i r  was 
0 .5  cm /day/atm o8. p r e ssu r e  d i f f e r e n c e ,  th e  co rresp o n d in g  f ig u r e  f o r  b u ty l  
rubber b e in g  0*05 cm/day* The la r g e  d i f f u s io n  r a t e  was n o t  a  problem  in  
th e  H elium  exp erim en t s in c e  e v e n ts  i n  th e  g a s  which d i f f u s e d  in  were 
e a s i l y  d is t in g u is h e d  from He(Y#p ) d is in t e g r a t io n s  ( s e e  p . 7 r / / ) ,  nor  was 
i t  a  problem  in  th e  n itr o g e n  experim en t s in c e  th e  lo w er  chamber (1 3 )  was 
f e d  from a  c y lin d e r  o f  com pressed n itr o g e n  and th e r e fo r e  d i f f u s io n  had 
v e r y  l i t t l e  e f f e c t  on th e  c o m p o sitio n  o f  th e  chamber gas*
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Diagram
Loner chamber connected to high pressure reservoir.
Cloud chamber ready signal.
(a)
Trigger pulse from synchrotron,Current to expansion valve magnet out off, Camera shutters opened, Clearing field turned off (optional).
-X-ray pulse in.
-Xeon lamps triggered.
-Current to expansion valve restored,Camera shutters closed, Clearing field restored.
-Expansion valve reset, Camera film wound on one frame.
■Start of first slow expansion.
(b)
Fig* 2.2
O p eration s perform ed by o lo u d  chamber c o n tr o l  c i r c u i t .  
The tim es  g iv e n  in  F ig . 2 .2  ( a )  a p p ly  t o  th e  u n i s e l e c t o r  
c o n tr o l  u n it  used  in  th e  neon ex p er im en t. T h is c y c l e  i s  
b ased  on e x p e r ie n c e  g a in ed  when t h e  s lo w  ex p a n s io n s  w ere  
c o n t r o l le d  by hand ( s e e  d is c u s s io n  in  § 2 ( c )  ( i v )  on  
P . ( 3 ) .
yy
(1 5 )  The ex p a n sio n  v a lv e  c o n s is t e d  o f  a  ru b b er c o v ered  p la t e  
h e ld  a g a in s t  sy lp h o n  b e llo w s  by th e  k e ep er  o f  a  s im p le  p o t  magnet and 
was c o n tr o l le d  e l e c t r o n i c a l l y  by c u t t in g  o f f  th e  heavy d u ty  te tr o d e  
su p p ly in g  c u r r e n t t o  t h i s  magnet* A lthough i t  was f a i r l y  s lo w  in
o p e r a tio n  ( t h e  d e la y  from  t h e  opening o f  th e  v a lv e  t o  maximum su p e r ­
s a tu r a t io n  was l / 20th  s e c * )  t h i s  v a lv e  was q u it e  s a t i s f a c t o r y  s in c e  t h i s  
d e la y  was c o n s ta n t  t o  2 o r  3 m il l i s e c *  o r  l e s s  ( s e e  § 2  ( c )  ( i i )  p . 60^ ) •  
1 (b )  111umi n a tion *
For photography th e  tra ck s  w ere i l lu m in a te d  by a  s h o r t  f l a s h  
o f  l i g h t  from Xenon d is c h a r g e  lamps t r ig g e r e d  some 110 m i l l i s e c *  a f t e r  
the X -rays had e n te r e d  th e  chamber* For th e  N itro g en  and Neon ex p er im en ts  
two lamps were u sed ; th e s e  were p la ced  on o p p o s ite  s id e s  o f  th e  chamber
and d is s ip a t e d  150 -  200 j o u le s  each* The l i g h t  beam was d e f in e d  by means
o f  c y l in d r ic a l  le n s e s  p la c e d  in  fr o n t  o f  th e  lamps and masks p la c e d  on th e  
s id e  o f  th e  chamber t o  g iv e  an il lu m in a te d  depth  o f  4  cm* For th e Helium  
experim ent o n ly  one lamp was used and th e  h e ig h t  o f  th e  i l lu m in a te d  
r eg io n  was 4 - l / 2  cm* A lamp g iv in g  a  f l a t  beam o f  w h ite  l i g h t  was u sed  
fo r  v i s u a l  o b se r v a t io n  o f  th e  tra ck s*
1 ( c )  C on tro l C ir c u it*
The seq u en ce  o f  o p e r a tio n s  betw een  ex p a n s io n s  and th e  tim es  a t  
which th e y  were perform ed a r e  shown d ia g ra m m a tica lly  in  F ig* 2*2* The 
seq uence was i n i t i a t e d  by a  s ig n a l  from  th e c i r c u i t  l in k in g  th e  c lo u d  
chamber and sy n ch ro tro n  an d , w ith  th e  e x c e p t io n  n o ted  b e lo w , th e  rem ain in g  
o p e r a tio n s  w ere th en  c a r r ie d  ou t a u to m a tic a lly *  The o p en in g  o f  th e  camera 
v a lv e ,  th e  op en in g  and c lo s i n g  o f  th e  camera s h u t t e r s ,  th e  tu r n in g  o f f  o f
r  6«.
Fig. 2.3
Relative positions of synchrotron, collimator and cloud 
chamber* The dimensions of the beam at the centre of 
the cloud chamber werei-
Heliua experiment 5*8 cm* wide x 4*6 cm* high,
Nitrogen and Neon
experiments 10 era* vide x 2*5 cm* high*
th e  e l e c t r o s t a t i c  c le a r in g  f i e l d  and th e  t r ig g e r in g  o f  th e  lamps were  
c o n tr o l le d  e l e c t r o n i c a l l y  w h ile  th e  rem ain in g  o p e r a t io n s  (w hose tim in g  
was n ot c r i t i c a l )  were c o n t r o l le d  by sw itc h e s  o p era ted  by a d ju s ta b le  
cams mounted on a  s h a f t  w hich was m otor d r iv e n  a t  a  sp eed  o f  ab ou t 1 r .p .m *  
For th e  Helium and N itro g en  exp erim en ts hand c o n tr o l  o f  th e  
s lo w  ex p a n sio n s was d e l ib e r a t e ly  s u b s t i t u t e d  f o r  a u to m a tic  c o n tr o l*
Because o f  th e  la r g e  number o f  tr a c k s  form ed in  th e  chamber th e  c le a n in g  
o f  the chamber a f t e r  each  f a s t  exp a n sio n  was q u it e  a  problem  and th e  
f l e x i b i l i t y  o f  hand c o n tr o l  was e s s e n t i a l  f o r  th e  e s ta b lish m e n t o f  th e  
moet s a t i s f a c t o r y  s lo w  ex p an sion  c y c le *
For th e  Neon exp erim en t c o m p le te ly  au to m a tic  c o n tr o l  was u sed  
and th e  m ech an ica l p a r t o f  th e  arrangem ent d e sc r ib e d  above was r e p la c e d  
by a 25 s t e p  u n i s e le c t o r  which c o n t r o l le d  th e  r e s e t  s o le n o id 9 th e  w ind ing  
on o f th e  camera f i lm ,  th e  s lo w  ex p a n sio n s  and th e  d e la y  b e fo r e  th e  n ex t  
ex p a n sio n .
2 .  OPERATION OF SYNCHROTRON AND CLOUD CHAMBER 
2 (a) C o llim a t io n .
The r e l a t i v e  p o s i t io n s  o f  th e  sy n c h r o tr o n , c o l l im a t o r  and c lo u d  
chanber a r e  shown in  Fig* 2*3* The c o l l im a t o r  was a  6n le a d  b lo c k  
p ie r ce d  w ith  a  ta p ered  r e c ta n g u la r  h o le ,  th e  a n g le s  o f  ta p e r  b e in g  
s l i g h t l y  g r e a t e r  than th e  d iv e r g en ce  o f  th e  beam* The c lo u d  chamber was 
p o s it io n e d  so  th a t  th e  c o ll im a te d  X -ray  beam was in  th e  c e n tr e  o f  th e  
i l lu m in a te d  r e g io n , w ith  an e r r o r  o f  n o t  more th an  t  2 mm* Two 
c o ll im a to r s  were used; th a t  u sed  d u rin g  th e  Helium experim en t d e fin e d  & 
bean 5*8 cm* wide x  4 .6  cm* hig£i a t  th e  c e n tr e  o f  th e  c lo u d  chamber
r7
while the collimator used fo r  the Nitrogen and Neon experiments defined 
a bean 10 cm* vide x 2-1/2 cm* high at the same position*
2 (b ) ySingle Shot* Control fo r  Synchrotron*
In normal operation the synchrotron magnet was supplied with 
alternating current of mains frequency (50 cycles per sec*) and electrons 
were injected by a 20 h r., 5 \ie pulse applied to the electron gun once 
each cycle when the magnetic f ie ld  had a (sm all) value appropriate to 
the radius o f the equilibrium orb it and the injection voltage. These 
electrons were accelerated while the magnetic f ie ld  was increasing and 
directed onto a tungsten wire target close to the time when the magnetic 
f ie ld  reached its  peak value, i * e * ,  5 m illisec* a fte r  electron injection* 
In conmon with a l l  synchrotrons the X-ray y ie ld  sea c r it ic a lly  dependent 
on the timing of the electron in jection pulse (a  change o f 1 Ms producing 
an appreciable change in y ie ld ) and this control often required frequent 
adjustment during operation* The settings o f the other synchrotron 
controls (time of r * f *  turn on and turn o f f  and controls fo r  the r * f*  
o sc illa to r ) were not so c r it ic a l and these controls were not normally 
altered a fte r  the in it ia l  adjustment when the machine was turned on*
For single  shot operation a l l  the synchrotron parameters 
(magnet excitation, r * f*  excitation • • • )  were maintained as fo r  normal 
operation with the exception that the in jection voltage pulse was 
applied to the electron gun once only instead o f 50 times per see* As 
compared with the technique of exciting the magnet fo r  one cycle only 
(Ko 46), this method is  somewhat wasteful of e lectric  power but has two 
great advantages*
( i )  The synchrotron can be set up in normal operation and 
then switched to single shot operation with the knowledge that a l l  the 
controls are correctly set.
( i i )  The conversion of the synchrotron to single shot operation 
requires nothing more than a simple electronic gating c ircu it .
The circu it fo r  controlling the jo in t operation of cloud chamber 
and sjnchrotron had three modes o f operation.
' ( i )  Single Shot -  the c ircu it  provided a single  pulse which 
triggered the cloud chamber control c ircu it and then, a fte r  a fixed  delay, 
a second single  pulse which triggered the modulator providing the voltage  
pulse fo r  the electron gun. Since the electrons must be injected at the 
correct magnetic f ie ld ,  these two pulses were derived from two peaking 
transformers supplying short pulses locked to the synchrotron magnet 
currer.t, electronic gates being used to se lect the appropriate pulses.
The time by which the cloud chamber pulse preceeded the electron gun 
trigger pulse could be varied between( -  10 )m illisec. and 110 m illisec .
( i i )  Single Shot Test -  the cloud chamber control c ircu it was 
discornected and a single gun trigger pulse was provided.
( i i i )  Continuous -  the cloud chamber was disconnected and the 
gate controlling the electron gun trigge r pulses was kept open so that 
a l l  the timing pulses were fed to the electron gun modulator and the 
synchrotron operated a t its  normal repetition rate o f 50 times per second. 
Passirg the timing pulses through the gate in this way ensured that the 
trigger pulses to the gun modulator had exactly the same shape fo r  both 
contiguous and s in gle  shot operation and therefore that the timing of the
5T
The normal operating procedure was as fo llow s. Some 10 secs, 
before the end of the cloud chamber cycle a signal was sent to the 
synchrotron operator who checked the synchrotron on ’Single Shot Test1.
I f  the output was satisfactory he then f ire d  the cloud chamber and 
synchrotron on receiving the cloud chamber ready signa l. A email drop 
in synchrotron output could generally be corrected by adjusting the gun 
timing on ’Single Shot Test' but a large drop could only be corrected by 
returning to continuous operation. When this was necessary i t  was 
usually a lso  true that the single shot y ie ld  varied from one pulse to the 
next a few seconds la te r  so that the average y ie ld  per photograph was low 
In the early stages of these experiments the synchrotron performance in 
this respect was sometimes good and sometimes quite poor and i t  was found 
that this was correlated with the frequency s ta b ility  of the mains supply 
For one particu larly  good period in which the timing o f the electron gun 
pulse was hardly touched during several hours the variation  in the mains 
frequency was less than 0.1 cycle per sec. Consequently a l l  runs from 
the la tte r  part of the Helium experiment on were made during the period 
of the day when the mains frequency was most stab le , i .e .  from midnight 
to 6 a.m. I t  was found that under these conditions the synchrotron 
performance was consistently good.
The single shot X-ray output was measured with an ionization  
chamber by observing the height o f the output pulse on the screen of a 
cathode ray oscillograph. This chamber was mounted behind a 3" lead 
wall and placed in the beam behind the cloud chamber.
electron injection pulse was the same fo r both.
2 (c )  Discussion o f Operating Experience*
( i )  Condensable Vapour and Notes on Gases Used*
The condensable vapour fo r  the cloud chamber was always 
provided by d is t i l le d  water only* This had been the usual laboratory  
practice and was continued unaltered because it  gave quite satisfactory  
resu lts* lh particu lar no comparison was made o f the re la tive  cloud 
chamber performance fo r  a mixture o f water + ethyl alcohol and water alone
The helium used was of mineral origin  and o f the same 
quality  as that supplied fo r  medical purposes* The nitrogen was ordinary 
commercial compressed nitrogen* On the other hand the neon was 
spectroscopically pure, this being the only gas availab le* When the 
cloud chamber was f i r s t  operated with neon i t  was found that the tracks 
of alpha partic les from the polonium source were not as sharp as those 
obtained with helium and nitrogen* I t  was suspected that this was due 
to electrons produced in the primary ionisation which were not forming 
negative ions immediately and therefore moved some distance under the 
influence of the e lectrostatic  clearing fie ld *  Consequently a small 
amount of oxygen ( l  cm* Hg pressure) was added to the cloud chamber and 
this produced a marked improvement in the sharpness o f the tracks*
( i i )  E ffect of Varying the Cloud Chamber -  Synchrotron Delay 
and the Lamp Delay*
The optimum delay between the triggering o f the cloud 
chamber expansion valve and the production of the X-ray pulse was 
investigated fo r  each of the three experiments. For these tests the 
electrostatic clearing f ie ld  was le f t  on during the expansion. The e ffect
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of the changes in  delay is  shown by the sequence of photographs in Plate  
12 which were taken during the Neon experiment* For delays o f less than 
55 m illisec* the tracks are d iffu se  and the amount o f d iffusion  increases 
rapidly with reduction of the delay time* For delays o f 55 m illisec* and 
greater the tracks are sharp and there is  very l i t t l e  change in  track 
quality with increasing delay time* For the longest delay (75 m illisec *) 
there is  a  just detectable decrease in  the sharpness o f the tracks*
These photographs were taken before the addition of the small quantity 
of oxygen referred to in the previous paragraph and therefore provide a 
sensitive measurement of the optimum delay time*
The cloud chamber could be operated fo r  long periods 
at the minimum delay necessary fo r  sharp tracks without any noticeable 
change in track quality  showing that the time taken fo r  the expansion 
was constant to at least 2 or 3 m illisec* The cloud chamber was normally 
operated with a delay 5 milliseconds greater than the minimum delay 
required fo r  sharp tracks*
No detailed investigation was made o f the e ffec t  o f 
varying the time between the X-ray pulse and the photographing of the 
tracks* The chamber was normally operated with this delay set to 110 
m illisec* which is  s ligh tly  greater than the shortest delay fo r  w ell 
developed tracks* This delay could be increased to several hundred 
milliseconds with l i t t l e  deterioration in track quality*
( i i i )  Effect of turning o f f  the E lectrostatic Clearing Field  
during the Expansion*
Turning o ff  the c learing f ie ld  during the expansion
led to an improvement in the sharpness o f the tracks o f reco il nuclei* 
Because o f the large density o f ions along these tracks some of the ions 
were dragged out by the clearing fie ld *  The tracks of protons and 
electrons were equally sharp no matter whether the f ie ld  was le f t  on or 
turned o ff*
This resu lt can be seen by comparing Plates 10 and 11
which are two stereographic sets of photographs of (Y ,p ) events taken
during the Nitrogen experiment* A comparison o f the two side camera
photographs o f Plate 10 ( f ie ld  le f t  on) with the top camera photograph
13shows that the track of the C reco il has been dragged out in a v e rtica l
13direction* In contrast the track of the C reco il in Plate 11 ( f i e ld  
turned o f f )  is  both much narrower and equally sharp in  a l l  three camera 
views* Plates 10 and 11 a lso  show that turning o f f  the c learing f ie ld  
leads to a reduction in the contrast between the proton and reco il tracks. 
Comparison of Plates 2 and 15 shows that there is  a sim ilar reduction in  
contrast fo r  (Y ,a ) events* Thus i t  would be an advantage to keep the 
clearing f ie ld  on when events such as low energy (Y ,gl)  disintegrations  
in  nuclei o f low atomic number are o f primary concern.
There is some evidence that the degree to which the 
tracks of reco il nuclei are dragged out is  rather c r it ic a lly  dependent 
cm chamber conditions* Thus there is  a considerable difference in the 
appearance o f the reco il tracks in Figs* 4 and 5 although these photos 
were taken 30 minutes apart under identical conditions except that, fo r  
Plate 4, the photograph was taken 100 m illisec* a fte r  the X-ray pulse 
while the corresponding delay fa r  Plate 5 was approximately 150 m illisec*
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I t  is  hard to see how this difference could account fo r  a l l  the observed 
change in the appearance of Uie reco il tracks. Hence this is  probably 
duef in part, to some other cause such as a s ligh t difference in supers 
saturation. Since the cloud chamber is  known to be stable  over long 
periods o f time i t  is c lear that any such difference w ill be sm all.
The clearing f ie ld  was le f t  on during the expansion 
fo r the whole o f the Helium experiment. The provision fo r  turning o ff  
the c learing  f ie ld  was introduced during the taking of photographs fo r  
the Nitrogen experiment and tried  out in  a lim ited way, the f ie ld  being 
turned o ff  at expansion fo r  approximately one quarter of the photographs.
In th is experiment there were a large  number of photoprotons with energies 
down to 0.5 Mev and i t  was desirable to see as many as possibls of the 
associated reco il tracks (o f  length down to l/6th mm.). The f ie ld  was 
turned o ff  at expansion fo r  a l l  the photographs taken during the Neon 
experiment with the exception o f the test photographs o f Plate 12.
( i v )  Notes on Procedure Required to Clean Chamber a fte r  each
Expansion.
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For the Helium experiment there were some 10 re la t iv ls t ic  
electrons crossing the cloud chamber per X-ray pulse. The problem of 
removing the nuclei remaining a fte r  the fa st  expansion is  illu stra ted  by 
the resu lt that i f  this was done by slow expansions in the usual way* 
then up to 20 slow expansions were required before the chamber was clean. 
However i t  was found that the number of slow expansions required could be
* l .e .  the f i r s t  slow expansion commenced immediately a fte r  the 
fast expansion and each slow expansion lasted a few seconds.
greatly reduced by su itable  timing* The follow ing comments are based 
on some, not veiy exhaustive, tests made a t the start of the Helium 
experiment.
expansions two things were necessary, F irstly  a  wait before commencing 
the f i r s t  slow expansion and secondly the slow expansions must be made 
su ffic ien tly  slowly, an expansion la stin g  10 secs, being su itab le . The 
waiting time required varied from 1 5 -2 0  secs, depending on the X-ray 
y ie ld  and this time was independent of whether the chamber was le f t  in  
the expanded position or returned to the compressed condition immediately 
a fte r  the fast expansion. Under these conditions 5 or 6 slow expansions 
were su ffic ien t to thoroughly clean the chamber, i . e . ,  only & few large  
drops were formed during the la s t  slow expansion. Increasing the 
waiting time from 15 -  20 secs, to 1 min, did not produce any change in  
the density o f background drops produced in  the f i r s t  slow expansion 
nor any reduction in the number o f slow expansions required.
In view of these resu lts the follow ing operating cycle 
was established and the times given were adhered to fa ir ly  c lose ly .
These tests showed that to reduce the number o f slow
0 secs. fa st  expansion, chamber recornpressed immediately
50 secs. start o f f i r s t  slow expansion
40 secs. end of f i r s t  slow expansion, sta rt recompression
45 secs. end of recompression, s ta rt  second slow  
expansion.
The slow expansions were continued until the chamber was 
observed to be thoroughly clean and were followed by a wait 
of 45 secs.
Total cycling time -  approx. 2-l/2 mins.
Since the thoueand or so photographs required fo r  the 
Nitrogen experiment could be obtained in a few days running at the cycling  
rate already achieved no attempt was made to study in deta il the conditions 
affecting the cleaning of the chamber in  th is experiment. However i t  was 
apparent that the chamber was considerably easie r to clean than was the 
case fo r  the Helium experiment. Thus the in it ia l  waiting period was 
reduced to 5 -  10 secs, and normally only 4 slow expansions were required  
to clean the chamber. The tota l cycling time was approximately 2 mine.
This could be reduced to 90 secs, fo r  the photographs taken at 
synchrotron energies o f 21 Mev and 19 Mev. The synchrotron y ie lds at 
these energies were approximately 2/^rds and l/3rd respectively of the 
y ie ld  at 23 Mev. .
For the Neon experiment the completely automatic control 
circu it described in  £ 1 (c )  was used and the slow expansion cycle fo r  
this is  given in Fig. 2.2. Normally three slow expansions were required.
A possible explanation fo r the above observations is  
that the d if f ic u lty  in cleaning the chamber during the Helium experiment 
was due to strong convection currents set up follow ing the fa st expansion 
and persisting during the slow expansions so that the drops formed during 
the slow expansions did not a l l  f a l l  out in the normal way. Convection' 
currents were often observed in the slow expansions made during the 
preliminary stages o f the Helium experiment and frequently appeared to 
carry up nuclei from the velvet base c loth . This explanation is  suggested 
by the resu lt  that the in it ia l  waiting period required was the same no 
matter whether the chamber was le f t  expanded or recompressed immediately
t r
a fte r  the fa s t  expansion and is  in accordance with the observation that 
there was no change in the condition of the chamber when the waiting 
period was increased from 1 5 -2 0  secs, to 1 min. Latent heat of 
condensation provides a possible mechanism fo r  startin g  such convection 
currents. Because o f the large amount o f ionization and it s  wide 
distribution  i t  is  lik e ly  that a large fraction  of the water vapour 
condensed. I f  h a lf  of the water vapour condensed then the temperature 
r ise  of the surrounding helium would approach 13°C. (This calculation  
assumes a pre-expansion temperature o f 15°C and an expansion ratio  of 
1 .2 .).  Thus the differences in ionization density within the chamber 
could have led to appreciable temperature gradients.
On this basis the greater ease with which the chamber 
was cleaned during the Nitrogen experiment is  attributed to
(a ) the reduction in  electron background follow ing the 
f it t in g  of the perspex window. For the Nitrogen experiment the tota l 
ionisation produced in  the chamber per X-ray pulse is approximately one 
third of that fo r  the Helium experimentf
and (b )  the fa c t  that this ionisation covers a wider 
region o f the chamber. The cross section of the X-ray beam was changed 
from 5.8 cm. wide x 4.6 cm. high to 10 cm. wide x 2.5 cm. high.
Another factor which may have had some influence is the more uniform 
distribution  o f in it ia l  temperature which would be expected to fo llow  
the fit t in g  o f the thermal sh ield .
Since the convection currents discussed above would be 
set up as a result of the growth of the water drops and the tracks were
hphotographed vh ile  this growth was s t i l l  in progressf s ign ificant  
distortion of the tracks would not be expected and was newer observed,
(v ) Additional Notes•
Adjustments to the expansion ra tio  were made by observing 
the tracks from the unshuttered polonium alpha source f i r s t  in continuous 
white ligh t and then in the short flash  from the discharge lamps. For 
these tests the e lectrostatic  clearing f ie ld  was always le f t  on during the 
expansion. The setting o f the expansion ra tio  and the performance of the 
cloud chamber were always checked in this way before photographs were 
taken with the synchrotron. A ll fast expansions and slow expansions were 
observed and, in particular* the slow expansions were continued until the 
chamber was seen to be thoroughly clean,
3. PHOTOGRAPHY AND TRACK MEASUREMENT 
Hie tracks were photographed with a stereographic set of two or 
three 60 mm, cameras. These cameras were fu l ly  automatic and were f it ted  
with "Ental" enlarging lenses (fo ca l length *  80 mm,* aperture «  f/4.5, 
manufactured by Taylor, Taylor and Hobson), The film  used was I lfo rd  
recording film  Type 5G91, The cameras were normally operated with the 
lenses set to f  A l »  except fo r the side camera looking into one of the 
lamps which was set to f/ l6 9
For the Helium experiment two cameras were used, A top camera 
mounted centrally  above the chamber and a side camera with it s  lens axis 
at an angle of 25-l/2° to the v e rt ic a l. The plane o f the film  in this 
camera was t ilted  with respect to the lens axis and was at an angle of 
30° to the horizontal. These films were analysed by the usual method of
stereographic analysis, i . e . ,  the films were replaced in the cameras and 
the projected images of the tracks brought into coincidence on an 
adjustable table .
For the Nitrogen experiment a second side camera was added.
The lens axis o f this camera was a lso  at an angle of 25-l/£° to the 
vertica l and was separated from that o f the other side camera by 90° in  
azimuth. The reason fo r  using a third camera was that, fo r  a pa ir of 
cameras, i t  is  sometimes impossible to get a satisfactory  coincidence on 
a track ly ing  approximately p a ra lle l to the v e rt ica l plane joining them. 
This can be seen by considering the way in which the two images are  
brought into coincidence on a table free  to t i l t  about a horizontal ax is . 
I f  the table  has been adjusted so that the orig in  o f the track lie s  an 
this axis then, i f  the v e rt ica l plane jo in ing the cameras is at a 
considerable angle to the track, the two images w i l l ,  in  general, be at  
an angle to  one another and can be brought into complete coincidence by 
t ilt in g  the table . I f  the ve rtica l plane jo in ing the cameras is  p a ra lle l  
to the track then the two images w ill  always be on top o f one another.
In this case a coincidence is obtained by t i l t in g  the table until both 
images are o f the same length. For a track passing out o f the illuminated 
region the end point o f the image is  i l l  defined and often d ifferent fo r  
the two cameras. Hence the "coincidence'1 does not give the correct 
position fo r  the track.
To analyse a track the images from the top camera and the 
appropriate side camera were used with the image from the third camera 
providing a very useful check. The films in the three cameras were
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brought into reg ister using the images o f the grid  wires which were bu ilt  
into the chamber* This automatically checked the accuracy o f the 
reprojection system.
The reprojection table was constrained to t i l t  about a
%
horizontal ax is and could be locked in any position by means of a magnetic 
chuck* I t  was provided with the follow ing additional degrees of freedom*
(a )  The whole table could be rotated so that the horizontal 
axis pointed in any desired direction*
(b )  The table moved horizontally and v e rt ic a lly  so that the 
axis could be made to pass through any point within the cloud chamber 
volume*
In practice the axis was made to point either in the direction  
of the X-ray beam or at right angles to it *  The direction chosen was 
that which gave the smaller angle of t i l t  when the two images were in  
coincidence* The position o f the table was then adjusted so that the 
origins of the two images coincided on the ax is and the table  t i lte d  to  
obtain a f u l l  coincidence* The coordinates o f the orig in  were then 
obtained d irec tly  from the position o f the table  and the distance of the 
image along the axis* The direction o f the track in space was given by 
the angle o f t i l t  of the table and the angle between the image and the 
axis* The coordinates o f the end point were measured by sh ifting  the 
table so that this point was on the axis* The coordinates o f the 
origin  were used to check whether the event originated within the X-ray 
beam and those o f the end point to check whether the track stopped 
within the illuminated region o f the chamber*
Teste on a r t i f i c ia l  tracks showed that the length measurements 
were accurate to l/ Z  mm* fo r  a l l  lengths and that the angles were accurate 
to 1° fo r  tracks within 60° of the horizontal. For very steep tracks the 
measurement of coordinates provided the best method o f determining their  
length and direction* From the measured coordinates of tracks whose 
lengths could be determined d irectly  i t  was shown that the coordinate 
method was just as accurate fo r  length measurements • Its  accuracy fo r  
angular measurements is  given by assuming an error of up to l/ Z  mm* in  
the coordinate difference from which the angle is  determined*
The cameras and reprojection table can be seen in Fig* 5*4 on 
p* //fl'* I t  should be noted that the arrangement of the cameras shown in  
this photograph is  that used fo r  the Neon experiment and a lso  that the 
protractor and pointer s it t in g  on the reprojection table were only used 
during the analysis of the Neon experiment*
Chapter I I I
INVESTIGATION OF THE He*(T.p) REACTION
As was pointed out in  Chapter I  (see p. ) a number of 
considerations suggest a study of the He*(Y,p) reaction as a su itable  
f i r s t  experiment in a program of photonuclear measurements using an 
expansion chamber in  conjunction with an electron synchrotron* Further, 
at the time this experiment was started, there were good reasons fo r  
attempting a measurement with the Glasgow synchrotron whose peak energy 
(approximately 23 Mew) was only a few Mew above the threshold fo r  this  
reaction (19*8 Mev). The experimental and theoretical resu lts ava ilab le  
then indicated that a large number o f He*(Y,p) events could be obtained 
quite easily  a t  this energy and that a cross section measurement in  the 
energy region ju st above threshold was o f particu lar importance* The 
relevant facts axe given below*
Argo et a l  (Ar 50) had measured the cross section and angular
distribution  fo r  the inverse reaction, H^(p,Y ), fo r  proton energies
between 0*5 and 2*5 Mev* The He^(Y,p) cross section deduced from these
measurenents (by use of the principle o f detailed  balance) rose smoothly
—26 2with increasing energy and had reached a value of 10” cm at 21*6 Mev 
(the photon energy corresponding to an incident proton energy of 2*5 Mev)* 
For this cross section and a peak X-ray energy o f 23 Mev the Glasgow 
synchrotron and cloud chamber should give one He*(Y,p) disintegration  
per five  expansions. .
The importance of a measurement o f the cross section in  the
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region ju st above threshold had been shown by the theoretical 
investigations o f Flowers and Nandi (F I 51) and9 in particu lar, o f Gunn 
and Irving (Gu 51) at Glasgow* The la t te r  workers used approximate 
analytica l calculations o f the H3, He3 and He* photonuclear croea sections 
to determine the sensitiv ity  o f these cross sections to changes in the 
nuclear wave functions and nuclear s ize  parameters* They found that a l l  
these cross sections are very dependent on both factors and hence 
measurement of these cross sections would be a good method of determining 
th e ir  values* In particular they found that the He*(Y,p) cross section  
should r ise  rapidly to a pronounced maximum a few Mev above threshold and 
that the position of this maximum (th e ir  calculated values vary between 4 
Mev and 15 Mev above threshold) and the cross section at this maximum 
provide a sensitive test of the nuclear wave function and the nuolear size  
parameter* Gunn and Irving a lso  compared their calculation with the 
ava ilab le  experimental data (the H^PfY ) measurement mentioned above and 
a sim ilar measurement of the reaction fo r  proton energies up to
1*5 Mev by Fowler et a l .  (Fo 49)) and noted that both these experimental 
cross sections r ise  more rapidly than any o f their theoretical calculations* 
On this basis the maximum of the He*(Yfp ) cross section would be only some 
3 Mev above the threshold and so probably within the range of the Glasgow 
synchrotron. Even i f  the cloud chamber experiment did not reach to the 
maximum i t  would be o f value since i t  would certa in ly  cover a greater 
energy range than that covered by the measurement o f Argo et a l* .  and a lso
* I t  should be noted tnnt the upper lim it o f 2.5 1«gv in this 
measurement was set by the maximum energy of the Los Alamos Van der Graaf 
accelerator and as this was close to the ma-Hmmn energy of any such 
accelerator at that time i t  was unlikely that the H®(p,Y) measurement would 
be extended to h i^ ie r energies fo r  some time*
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provide quite independent evidence on the He (Y ,p ) cross section* Such 
evidence was desirable since the absolute value of the H^(pfY) cross 
section given by Argo et a l*  eas established by a rather indirect process 
and eas not independent of the value o f the H^(pfY) cross section given 
by Powler et a l*  since both these measurements are referred  back to a  
common geiger counter calibration  (Po 48)* I t  is a lso  vorth noting that 
the va lid ity  of using the principle of detailed balance to predict 
reaction cross sections from the inverse reaction had never been confirmed 
experimentally fo r  photonuclear reactions*
A study o f the He*(Y,p) reaction is  attractive from the point of 
view o f technique since the energy range of particu lar interest (the f i r s t  
few Mev above the threshold) is  a lso the region where the energy o f the 
incoming photon can be obtained with greatest ease and accuracy (from the 
range of the reco il triton )* This, combined with the fact that a He*(Ytp ) 
disintegration is  a very d istinctive event, makes such a study a most 
su itable  experiment with which to establish  the technique o f using the 
cloud chamber fo r  photonuclear studies*
Prom the point o f view o f measuring the shape o f the He*(Yf p) 
cross section this Investigation proved to be a disappointment as only 
12 He4(Y fp) events were found in  650 cloud chamber photographs indicating  
that the cross section is  only approximately l/L0th o f the value deduced 
from the measurement o f Argo et a l* (A r 50). More recent measurements by 
other workers support the lower value reported here (see discussion la te r )*  
The experiment a lso  established the technique o f using the 
cloud chamber fo r  photonuclear studies and in particu lar emphasized it s
14-
su itab ility  fo r  a study o f  the Be (Y fp) reaction with a higher energy 
synchrotron* Features of the experimental method which are o f interest  
are discussed below*
i*  SUMMARY OF EXPERIMENTAL COKDITIOHS 
Prior to the author's a rr iv a l in Glasgow Mr* J*R* Atkinson had 
taken some preliminary photographs with the uncollimated X-ray beam from 
the synchrotron* Although there was a very dense background of electron  
tracks some tracks with the characteristics expected fo r  a He*(Y,p) event 
could be distinguished* However, as there were a lso  a large number of 
single tracks (possib ly  reco ils  from fa s t  neutrons) and a number o f these 
showed scattering which gave them a sim ilar appearance, i t  was not possible  
to be sure o f this identification* Photographs taken with the chamber 
f i l le d  with hydrogen showed that there was a large neutron background*
This investigation was encouraging as i t  showed that proton 
tracks could be distinguished in spite o f the electron background and that 
the y ie ld  of events o f interest mas probably r  eas (viable. It  was c learly  
desirable to reduce the number o f "re co il"  tracks and to use c r ite r ia  
which would identify He*(Ytp ) events with certainty*
The experiment described here was made with a collimated X-ray 
beam 5*8 cm* wide by 4*6 cm* high at the centre of the cloud chamber*
This beam passed through the l/4" thick glass wall of the chamber but did 
not touch either the top glass p late or the chamber base* Ten to twenty 
centimetres of paraffin  were placed between the collim ator and cloud 
chamber to further reduce the neutron background* The chamber was f i l le d  
with helium a t  a pressure of 140 cm* (chamber expanded) and in  addition
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contained up to 16 cm* of nitrogen + a i r .  These la t te r  gases diffused  
into the cloud chamber through the rubber diaphram during the experiment.
The stopping power o f the expanded gas mixture was obtained fo r  each 
He*(Y, p ) disintegration by measuring the length of the longest track from 
the unshuttered polonium source in the chamber.
As already described (see p. b i f f )  the tracks were photographed 
with a pair of stereographic cameras* and analysed by replacing the film s 
in the cameras and re projecting the track images onto an adjustable table. 
A ll tracks of protons or heavier partic les produced in the cloud chamber 
were measured to determine their orig in , length and direction.
2. RESULTS
A He*(Y,p) disintegration w ill appear as a pa ir o f tracks with 
a common origin , i . e . ,  as a f la g  event. Because of the momentum o f the 
incoming quantum the angle between these tracks in  the forward direction  
w ill be s l i^ i t ly  less than 180°. (See Plate l ) .  For the above experimental 
conditions the triton (maximum range** fo r  23 Mew X-rays ■ 3.7 cm.) w i l l  
almost always stop in the chamber ^ l i le  the proton w i l l  generally pass out 
of the chamber.
Flag events were analysed with the axis o f the adjustable table
set in the direction of the X-ray beam. Hence events fo r  which the two
' x
tracks were coplanar with the direction of the incoming quantum were
*2he lin e  jo in ing these cameras was approx. p a ra lle l to the 
direction of the X-ray beam and therefore a t  a large angle to the He^(Y,p) 
tracks which were expected to have a sin20 distribution  (from the angular 
distribution  found in the inverse reaction ).
**A11 ranges quoted in  this section are ranges in the expansion
chamber.
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Pig. 3.1
Velocity diagram fo r  the He*(Y,p) reaction. As indicated the 
locus o f C i s  a c irc le  whose radius is  a function o f ly .
This radius is  a rapidly decreasing function o f 22y just above 
threshold, reaches a minimum value at Ey -  40 Mev and increases 
slowly with increasing Ey at higher energies.
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id e n t ifie d  by the fa c t that, fo r  both tracks9 the two seta o f  images came 
in to  coincidence simultaneously. This te s t  Id e n tif ie d  events due to the 
He*(Y9p ) reaction  or to  the (Y9p )9 (Y ,d ) or (Y9a) reactions in one o f the 
other nuclei present. Many o f the He^(Y9p ) events were then id e n t ifie d  
immediately by the fa c t  that the tr ito n  range was grea ter than the 
maximum range o f  the r e c o il nucleus from any other two body reaction . The 
maximum re c o il ranges fo r  the (Y 9p )9 (Y ,d ) and (Y9a ) reactions in  the other 
nuclei present were 7 mm.9 9 mm. and 1.4 cm. resp ec tiv e ly . He*(Y9p) events 
with short tr ito n  ranges ( i . e . 9 Ey ^ess than approx. 21.6 Mev) were 
id e n t ifie d  from the fa c t  that9 fo r  a given r e c o il  range, the forward angle 
fo r  the He^(Y9p ) reaction  i s  much less  than the corresponding angle fo r  any 
other reaction  (compare the events in  P lates 1 and 2\
For the energy range covered by th is experiment the value o f the 
forward angle is  a lso a good measure o f Ey. Comparison o f th is Ey with 
that determined from the tr ito n  range provided a fu rther confirmation o f 
the nature o f the event. This analysis was considerably s im p lified  by 
using a model based on the v e lo c ity  diagram fo r  the reaction  (F ig . 3 .1 ).
In th is  model the lin es  CA9 CO and CB were represented by three threads 
joined at C9 passing through appropriate holes in a bake lite  board and 
tensioned with weights. The position  o f C was adjusted u n til the angles 
between the threads corresponded to the measured angles and Ey determined 
from the length CO. This model a lso  s im p lified  the other dynamical 
calcu lations since .
Fig* 3.2
Values of 180°- forward angle fo r  the reactions marked 
and Q »  90°. The arrows denote the thresholds fo r  
these reactions and the narked points the reco il range 
in  mm* at S .T .P . The fu l l  curves ind icate the region 
o f in te res t in  the present experiment*
F ig . 3.3
(a) Energy d istribu tion  o f  the He*(Y#p) events found in  
the present experiment.
(b ) He4(Y tp) mass section-deduced from subsequent 
measurements on the Ir (p ,Y ) reaction by Perry and 
Baae (Ps 55).
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^ (M ev) "  19*80 ♦ E  ^ ♦ E^.
The accuracy o f the angular analysis is  illu s tra ted  by Fig* 3.2 
which gives 180° -  (0^ + fo r  © •  90° as a function o f  Ey. An e rro r  o f 
1° in  (0^ ♦  0^.) corresponds to an error o f 0 .1 , 0.2 and 0.5 Mev in  Ey. fo r  Ey -  
21.0, 22.0 and 23.0 Mev respective ly . Fig. 3.2 a lso  shows the narked 
d ifference there is  in  the forward angle fo r  a given r e c o il range as 
between He*(Y ,p ) and other reactions producing "coplanar* fla g s . The (Y ,p ) 
and (Y ,a ) reactions illu s tra ted  are those which g ive  angles c losest to  the 
He*(Y,p) angle.
Twelve He*(Y,p) events were id e n t ifie d  by the above c r it e r ia .
For three o f  these both the proton and tr ito n  stopped in  the illum inated
region o f the chamber and fo r  a fu rther seven the tr ito n  stopped in  the
chamber* The independent values o f  Ey fo r  each event always agreed w ithin
the expected errors* g iv in g  t r ip le  and double checks respective ly  on the
nature o f these events. The two events fo r  which both proton and t r ito n
passed out o f the illuminated region were id e n t ifie d  from the minimum
rec o il range and the forward angle which a lso  gave the value o f  Ey fo r
these events. The energy d istribu tion  o f  these twelve events is  given in
Fig. 3.3 (a )  and indicates that the cross section  increases rap id ly with
energy up to  a t  least. 23 Mev, the peak energy o f the machine. The
integrated cross section  up to  23 Mev is  2.3 t  1 Mev-mb. The values o f
2
©y^ fo r  the 12 events are compatible with a s in  © angular d is tribu tion  as 
found by Argo e t  a l .  (A r 50) fo r  the H (p ,Y ) reaction  and therefore 
expected fo r  the He^(Y,p) reaction .
*These are 0.15 and 0.05 Mev fo r  Ey determined from tr ito n  and 
proton ranges respective ly .
7<P
The only other photonuclear reaction vhich can be produced in  
He* w ith 23 Mev X-rays is  He*(Y,n ) (threshold •  20.56 Mev)*. This reaction 
was not studied since the tracks produced (s in g le  tracks o f  ifae He  ^ r e c o il 
nucle i with a maximum range, fo r  23 Mev X-rays, o f 1.0 cm.) could not be 
distinguished from s im ila r tracks produced by the r e c o il  nuclei from 
N **(Y ,n ) and 0 ^ (Y ,n ) ,  and He* re co ils  from the sca tter ir^  o f background 
neutrons.
A l l  tracks o f protons or heavier p a rtic les  which orig inated in 
the gas o f  the cloud chamber and were not obviously He(Y,p) events were 
ca re fu lly  examined and read ily  id e n t ifie d  as fo llo w s t##
(a ) 20 (Y ,p ) or (Y ,d ) d is in tegrations in  H14 or 0 ^ .
(b )  25 H^ 4 (Y,pn) events. These were id e n t ifie d  by the fa c t  
that the r e c o il  and proton tracks were not coplanar with the X-ray beam 
d irection  and a lso  the angle between these tracks was genera lly  not close 
to  180° ( f o r  example see P late 3 ).
( c )  2 (Y ,a ) d is in tegrations in  N*4 or 0 ^ .
(d ) 100 s in g le  tracks, i . e . ,  tracks without a v is ib le  r e c o il 
track a t the o r ig in . F ifty  were less  than 1 cm. long, the remainder had 
ranges between 1 cm. and 9 cm. F ifteen  o f these s in g le  tracks were 
outside the X-ray beam. These must be events produced by background
*The thresholds fo r  other reactions in  He* are He*(Y,2d)
23.84 Mev, He4(Y,pn) 26.07 Mev and He*(Y,2p2n) 28.30 Mev.
**These figu res are estimates from data on h a lf the photographs. 
The resu lts, o f  the measurements on other tracks fo r  the remaining 
photographs are not a va ilab le  to  the author a t  present.
neutrons| with 
o f such events
Since a l l  other tracks are qu ite  d is tin c t  in  appearance from the 
H e*(Y ,p ) events the id e n t ific a tio n  o f these is  qu ite certa in* With a 
collim ated X-ray beam the background o f events produced by neutrons is  
qu ite  small and th is background can be read ily  estimated from the number 
o f events outside the X-ray beam.
3. DISCUSSION
The He4(Y ,p ) cross section reported here is  approx. l/LO**1 o f 
the cross section  deduced from the measurements o f Argo e t  a l .  (Ar 50) 
on the H^(ptY ) reaction which was the only other value fo r  the He*(Y,p) 
cross section  in  th is energy range at the time o f the experiment discussed 
here* Subsequent experiments by other workers are in  agreement with 
th is  lower value, In particu lar, the He*(Y,p) cross section  deduced from 
a ca re fu l measurement o f the H^fpjY) cross section  by Perry and Bame 
(Pe 55) has a s im ila r energy dependence (see P ig . 3*3 (b ) )  and gives a 
value o f 2.17 t  0.15 Mev-mb fo r  the in tegrated cross section up to 23 Mev.
The d ire c t  measurements o f the H e*(Y ,p ) cross section  (Pu 54, Go 57), 
which are s l i g i t l y  less  accurate in  th is  energy region , confirm the 
resu lts  of Perry and Bame*
*75 o f the singles were therefore photonuclear tracks. The short 
tracks were c le a r ly  r e c o il  nuclei from the He^(Y,n), N ^ (Y ,n ) and 0*^(Y ,n ) 
reactions. The longer tracks were probably N (Y ,p ) events in  which the 
r e c o il  tracks were not seen. The n itrogen experiment (see Chapter IY ) showed 
that, fo r  23 Mev X-rays, there are a la rge  number of photoprotons o f  energy 
less than l- l/ 2  Mev (the proton energy corresponding to a range of 9 cm*).
The ranges o f  the associated re co ils  are less than 1 mm* and these tracks 
would have been d i f f i c u l t  to  see in  the dense background o f electron  tracks*
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the correction  fo r  the volume o f the X-ray beam the to ta l 
was approximately 25*.
to
While this in vestigation  was in  progress Gaerttner and Yeater 
(Ga 51b) published the resu lts o f a cloud chamber in vestiga tion  o f  the 
He*(Y,p ) reaction  using 100 Mev X-rays. For th is  work they used a 5" 
diameter cloud chamber, with an illum inated depth o f l/2Mv which was 
f i l l e d  with helium plus alcohol and water vapour at a to ta l pressure o f 
1 atmosphere. From the resu lts o f previous experiments with the cloud 
chamber f i l l e d  with nethane and orygen they found that the maximum re c o il 
ranges fo r  carbon and oxygen fla g s  would be 2.0 and 1.4 cm. resp ec tive ly . 
They therefore id e n t ifie d  as H^(Y9p ) events a l l  fla gs  w ith a v is ib le  
r e c o il length greater than 2 cm. (a  to ta l o f 119). Gaerttner and Yeater 
note that fo r  a l l  these fla gs  there was a marieed d iffe ren ce  in  density 
between the two tracks and the resu ltan t momentum was in the d irec tion  o f  
the X-ray beam, ftrom these observations they elim inate the p o s s ib il ity  
that some o f these fla g s  may be due to  the He*(Y ,d ) reaction , or to the 
He*(Y,pn) and He4(Y,2p2n) reactions. The correction  fo r  the helium fla g s  
not Id en tified  ( i . e . ,  f la g s  orientated so that the v is ib le  re c o il length 
was less than 2 cm.) was calcu lated from the illum inated depth. The 
values o f  Ey fo r  the He (Y ,p ) events were determined from the values o f 
the forward angle. The average value o f was 27 Mev. (This value is  
only approximate since this method is  inaccurate above 25 Mev). The 
integrated cross section determined from th is  mean energy and the to ta l 
number o f events was 0.034 -  0.012 Mev-barn. The angular d is tr ibu tion  o f
the protons (and tr ito n s ) in  the centre o f mass coordinate system was
2
approximately sin G. The resu lts o f the experiment described in th is  
chapter cannot be d ire c t ly  compared with these figu res but the r is e  in
n23 Mev (2 .3  -  1 Mev-mb) are c le a r ly  compatible with the above mean energy
*
and to ta l in tegrated cross section .
The experiment described in  this chapter was carried  out 
independently o f the work o f Gaerttner and Yeater, Within i t s  lim ited  
energy range i t  provided a more accurate value fo r  the He^(Y,p) cross 
section  and a more pos itive  id e n t ific a tio n  o f  the He^(Y,p) events. In 
particu la r i t  showed very c le a r ly  that they can always be separated from 
events due to (Y ,p ) and (Y f a ) reactions in  other nuclei and hence that 
i t  is  practicab le to mix a heavier gas with helium to  increase the 
stopping power, A to ta l stopping power o f four times a i r  a t  N .T.P. would 
enable tr ito n  range measurements (which g iv e  the most accurate values o f 
£y) to  be extended up to an energy corresponding to  an Ey o f 45 Mev, 
Measurements o f the range o f the He r e c o il  nuclei under s im ila r conditions 
would g ive  the He*(Yfn) cross section  up to  70 Mev. An experiment using 
th is method would be o f  value at the present time since there is  
considerable disagreement between ex is tin g  experimental values fo r  the 
He*(Yf p ) and H e*(Y ,n ) cross sections above 30 Mev, These experimental 
values and th e ir  th eoretica l im plications are summarized and discussed in  
Appendix I ,
*In  addition to  the (Y f p ) measurements Gaerttner and Yeater 
id e n t ifie d  as He(Y9n) events a l l  s in g le  tracks o f length greater than 
4 cm. The expected maximum length o f  the s in g le  tracks from (Y fn) 
and 016(Y 9n ) is  2 cm and measurements with a hydrogen f i l l e d  cloud 
chamber showed that there were no long tracks due to  neutron re c o ils .
They id e n t ifie d  57 (Y ,n ) events in  a portion o f  the data containing 45 
fla g s  with r e c o il  lengths greater than 4 cm. The ra t io  o f  (Y ,n ) and 
(^ »p ) y ie ld s  is  therefore about 1,3,
the cross section and the value of the integrated cross section up to
Chapter IV 
THE PHOTODISINTEGRATION OF NITROGEN
The considerations that led  to  the conclusion that H14 would 
be a p a rticu la rly  favourable choice fo r  a comprehensive survey o f 
photonuclear reactions over a wide range o f  energies are as fo llow s .
For this nucleus the (Y ,p ),  (Y ,d ), (Y ,pn ), (Y f a ) f (Y ,2a) and (Y ,ap ) 
reactions can a l l  be studied in a cloud chamber and, with the exception 
o f events from the f i r s t  two reactions , events o f d if fe re n t  kinds are 
ea s ily  distinguished from one another. Of the reactions that cannot be 
studied in a cloud chamber, namely -  (Y ,n ), (Y ,2n ) and (Y ,Y ), the cross 
section  fo r  the (Y ,n ) reaction  has already been measured (Ho 52), the 
(Y ,2n) reaction  is  en erge tica lly  impossible with 23 Mev X-rays (threshold 
30,7 Mev) and the cross section  fo r  the (Y ,Y ) reaction  is  expected to be 
small. Further, the thresholds fo r  the (Y ,p ),  (Y ,n ) and (Y,pn) reactions 
are a l l  w e ll below the energy o f the giant resonance found in  the (Y ,n ) 
reaction  (23 Mev) and thus a study o f these reactions might be expected 
to y ie ld  information about the change in  the nature o f the photonuclear 
process in going from energies below to energies in  the v ic in ity  o f the 
giant resonance,
1. ADDITIONAL NOTES OH EXPERIMKNTAL METHOD 
1 (a ) Apparatus and Analysis,
In order to  estimate the energy o f the photons responsible fo r  
the photonuclear events observed in  the cloud chamber, irrad ia tion s were 
made a t  three d if fe re n t  values o f the peak X-ray energy, these energies
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being approximately 19, 21 and 23 Mev* The X-ray dose fo r  each o f these
three irrad ia tion s eas measured using an ion iza tion  chamber (see p* )
and these measurements were expressed in  terms o f  the conventional
•r-unit* by the fo llow in g  procedure* Ptor each peak energy the ion iza tion
chamber response was compared with the a c t iv i t y  induced in  a copper disc
irrad ia ted  in  a standard position  in fron t o f the cloud chamber and counted
in  a standard geometry* The r e la t iv e  number o f  r-un its fo r  the 19, 21 and
6223 Mev runs were then calcu lated from the peak energies using the Cu 
activa tion  curve as measured a t Saskatchewan (Ka 51)* Absolute values 
were obtained by subsequently comparing (a t  a peak energy o f 23 Mev) the 
a c t iv ity  induced in the copper disc with the response o f a Victoreen 
thimble mounted at the centre o f a perspex cy linder 8 cm* in  outside 
diameter* The estimated accuracy o f th is comparison is  20^*
The photographs obtained with the stereograph!c set o f three 
cameras were analysed by each o f  the fo llow in g  techniques* Measurements 
were made on the images o f a l l  tracks o f  length grea ter than 3 mm*
( i )  The events were viewed under a low powered microscope, the 
f in a l image being approximately seven times the o r ig in a l track s ize*
(The microscope m agnification was 40 and the chaofcer -  film  reduction l/6 )* 
Each r e c o il length was measured with the eyepiece scale*
( i i )  The length, d irection  in  space and coordinates o f  the o rig in  
and end points o f each track were measured by rep lacing the film s in  the 
cameras and p ro jectin g  the images onto an adjustable tab le as described in  
Chapter H ,  p T h e s e  lengths were converted to ranges in  a ir  a t
Table 4*1
Reaction Threshold a and C las s i f t  cat! one
Photonuclear Reactions 
M14 ♦  T n + f *
13p ♦  C 
d + C 12 
a  + B10
p + n + C
a  + n + B"
12
C oll inear Flags
Hon-c o i l  inear Flags
Threshold Mev 
10*54
7.54
10.26
11.62
12.49
19.96
Stars
16.07
18*20
Neutron Reactions
H14 + .14p ♦  c- 
a + B 11
Non-collinear Flags -  0.63 
(except fa r  slow 
neutrons) 0.15
S .T .P * using the stopping power of the gas (n itrogen saturated with 
water vapour) as calculated from i t s  composition and the expanded pressure 
(1*4 atmospheres) which was measured during each 6 hour run.
The events were c la s s if ie d  as -
(1 ) C oll inear Flags -  events in  which the r e c o il and fragment 
were very  nearly in  a stra igh t lin e  fo r  a l l  three film s* This group is  
intended to consist o f  events in  which the r e c o il  and fragment are the 
only two products o f the reaction* For these events the momentum o f  the 
incident photon and the scattering o f  the r e c o il  may both cause a small 
departure from exact c o llin ea r ity *  The c r ite r io n  used was that events 
in  which the r e c o il was within t  10° o f  i t s  expected d irection  were 
counted as co llin ea r*
(2 ) Non-Collinear Flags.
( 3 ) Unclassified Flags -  events with a v is ib le  r e c o il o f 
uncertain d irection  (e*g* because o f  i t s  short len gth ),
( 4 ) Singles -  events without a v is ib le  re co il*
( 5 ) Stars -  events with three or more prongs*
(6 )  Tracks coming from the chamber w all*
The thresholds fo r  the photonuclear reactions possib le in  H14 
are given  in  Table 4*1 together with the expected c la s s ific a t io n  o f  the 
events produced*
1 (b ) Background Events.
Reactions in it ia te d  by the neutrons which accompany the X-ray 
beam w i l l  g ive  r is e  to a background o f unwanted tracks* In particu lar.
* i . e .  , 15®C and 760 nun o f  mercury.
since the ■“ <« ,p)C^* reaction is  exothexmic there may be a r e la t iv e ly  
la rge  number o f  proton tracks in it ia te d  by s lo v  neutrons* These proton 
tracks have a ch aracteristic  length o f 7-1 /z  mm* (the range in  the chamber
o f a proton o f 0,58 Mev) and should occur uniformly throughout the chamber*
The energy d is tr ib u tion  o f tracks stopping in  the chamber shows that they 
form a d is t in c t iv e  group which is  e a s ily  id e n tified  and elim inated (see
figu re  4*1 on p, and discussion in  § 2)*
Past neutrons produce both (n ,p ) and (n ,a ) events which appear 
as non-collinear fla g s  o f length g rea ter than 1 cm* The number o f these 
background events was estimated from the number occurring outside the beam 
and a lso  from the number o f tracks coming from the perspex w all* Both 
estimates ind icate that the correction  required is  small, the number (15 ) 
o f tracks longer than 1 cm* with orig in s  outside the X-ray beam being 
only 2?C o f the number (660) o f tracks w ithin the beam, whereas the two 
volumes are equal.
The number and d is tribu tion  o f r e c o il protons e jected  from the 
perspex wall by fa s t  neutrons* confirms th is estimate o f the background 
and shows further that the fa s t neutron flu x  w ithin the X-ray beam is  not 
s ig n if ic a n t ly  greater than the fa s t  neutron flu x  elsewhere in the chamber*
2. ENERGY DISTRIBUTION OF LOW ENERGY PROTONS 
I f  i t  is  assumed that the co llin ea r  fla g s  (w ith (T ,a ) events
*This estimate was obtained from the data fo r  the 19 and 21 
Mev runs fo r  which the number o f tracks o f  photoprotons from the 
and 0 in the perspex wall is  small and therefore ea s ily  allowed fo r*
F ig . 4.1
D istribution  o f the to ta l energy ( i . e .  E ♦  E ) o f 
c o llin ea r  f la g s , u nclass ified  fla gs  and %dnglie stopping 
in  the chamber, assuming these to  be (Y ,p ) events. (See 
§ 1 (a) fo r  description  o f the c la s s if ic a t io n ).  Events 
occurring outside ttie X-ray beam have been shaded.
Fig* 4.2
The energy d is tr ib u tion  o f f i g .  4.1 a ft e r  subtraction o f 
events due to  the reaction . C o llin ear fla gs
are shosn as so lid  reetangles, u nclass ified  fla g s  as 
shaded rectangles and s in g les  as open rectangles.
excluded), unclassified flags  and singles stopping in  the chamber are 
(Y ,p ) events, then the d istribu tion  o f  E^, the to ta l k in etic  energy o f 
the proton and reco il, is  as given in  Pig* 4*1* The proton k in etic  energy 
was obtained d irec t ly  from the measured track length and the r e c o il energy 
was then calculated using momentum conservation* Events occurring outside 
the X-ray beam are shaded and i t  can be seen that they are a l l  due to  
(slow n ,p ) reactions* In Fig* 4*2 the (slow  n ,p ) events have been 
subtracted and the c la ss ifica tio n  o f events is  indicated* I t  can be seen 
that u nclass ified  flags and singles only occur at proton energies fo r  which 
reco ils  would be very short* (For a 1 Mev proton the r e c o il length is  
approximately l/5 mm*)*
D istinct groups are observed a t 0*51 t  0*02, 1*63 t  0*02 and 
2*92 t  0*03 Mev, the la t te r  group being small in  number as most o f the 
protons leave the chamber, and a broad group centred a t  about 1*15 ± 0.05 Mev.
The occurrence of d e fin ite  groups im plies that these photoprotons 
arise from the resonance absorption o f quanta into excited  sta tes o f the 
N14 nucleus* I t  is  therefore cf in te res t to  compare these resu lts with 
the information about the excited states o f  derived from other 
reactions and, in  particu lar, to  make a comparison with the measurements 
made on the C ^ (p ,Y )N ^* reaction* This reaction  has been studied by 
Seagrave (Se 52) and by Woodbury e t a l (Wo 53) using protons o f energy 
up to 2*6 Mev and by W illard e t a l (Wi 57) who used protons o f energy 
between 2.5 and 3.2 Mev. These workers fin d  that the C ^ (p ,Y ) l * *  (ground 
s ta te ) reaction  has resonances at centre c f mass energies o f 0*52, 1*64 and
Comparison of  fee Observed Proton Croupe with the 
Predictions from the C^3( p .T)H^4 Reaction
Table 4.2
B14
B
E. •  E t  J *  Sr
< r
in t . Fractiono f
event*
Bo. o f 
tracks
calo* obs. <P ,t) (Y ,p )
stopping calo* obs.
Mev Mev Mev Mev-mb. Mev-mb,
8.06 0*52 0*51 0*065 0*603 0*99 34 32
9,18 1*64 1*63 0*044 0*813 0*62 24 26
10*43 2*89 2*92 0*033 1*05 0*20 10 9
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2.89 Mev as w ell as a broad resonance a t 1.16 Mev. These energies 
correspond c lo se ly  to  the energies o f the groups observed in  th is 
experiment and ind icate that these proton groups come from the reaction  
I^ * (Y f p)c^3(ground s ta te ).
The comparison o f the two reactions can be extended to  cover 
the cross sections by using the p r in c ip le  o f d e ta iled  balancing. The 
in tegrated (Y ,p ) cross sections fo r  the resonances a t 0.5, 1.6 and 2*9 Mev 
were calculated from the (p ,Y ) cross sections using th is  p r in c ip le . The 
C^3(p,Y )N^(ground s ta te ) cross sections fo r  the 0.5 and 1.6 Mev resonances 
were obtained by combining the resu lts o f  Seagrave (Se 52) and Woodbury 
e t  a l (Wo 53). The expected number o f tracks in  each o f the narrow groups 
was then calculated from the (Y#p) cross sections9 the measured X-ray 
doses and an allowance fo r  the percentage o f tracks which do not stop in  
the chamber. In Table 4.2 th is estimate is  compared with the number 
actu a lly  found. The agreement is  very sa tis fa c to ry  and confirms the 
v a lid ity  o f applying the p rin c ip le  o f d e ta iled  balancing to  photonuclear 
reactions.
A nuclear emulsion measurement by Sp icer (Sp 53) o f the energy 
d istribu tion  o f photoprotons from nitrogen irrad ia ted  with 11.5 Mev 
X-rays is in  c o n flic t  with the present re su lts . In th is  work a narrow 
beam o f X-rays passed through a gas ta rge t chamber and the photoproton 
energy d istribu tion  was deduced from ranges measured in  nuclear emulsions 
placed out o f the beam, allowance being made fo r  the energy lo s t  by the 
proton before i t  reached the emulsion. The energy d is tr ibu tion  found is
reproduced in  F ig . A 2.1 on p.»boa~. i t  can be seen that there is  no 
sign o f a peak a t 2.7 Mev (the proton energy corresponding to  ■
2.9 Mev) but instead the number o f protons iqpreases rap id ly  with 
decreasing energy from 3.6 Mev to 2.2 Mev, the experimental lower lim it  
since protons o f  energy less than th is  may f a i l  to reach the emulsion.
I t  is  d i f f i c u l t  to see how th is resu lt can be reconciled with the absence 
o f tracks between 2.0 and 2.8 Mev which is  such a s tr ik in g  feature o f  the 
d istribu tion  obtained in the present investigation  and which is  believed  
to  be vexy r e lia b le  since, not only is  the method inherently cleaner 
(e .g . (n ,p ) reactions are automatically elim inated sinee they e ith er 
produce non-coil inear flags  or form a d is t in c t iv e  group), but a lso  the 
resu lts agree very well with a l l  the data ava ilab le  from the inverse 
reaction,
S p icer 's  resu lts are examined in  d e ta il in  Appendix I I  on p . l ^  
I t  is  found that there are good reasons fo r  be liev in g  that the tracks 
measured by Spicer are a background o f short range tracks not detected 
in  the background measurements. This background is  a lso present in  a 
measurement made by Spicer o f the spectrum of photoprotons from 0*^ and 
possibly in  s im ila r measurements by other workers. I t  is  concluded from 
th is that nuclear emulsion measurements of photoproton spectra with 
moderate or low y ie ld s  ( 105 protona/mol/r) are l ia b le  to be in  error
at the low energy end (E^ ^  3 Mev).
3. STUDY OF THE (Y .p ) AKD (T .q ) REACTIONS AT HIGHER ENERGIES
For proton energies greater than 3 Mev the p rob ab ility  o f a
f ' C O I L  RAN GE  C A i r ' K A T E O  P R O M  
^ P S E R V E D  P f  ‘ T O N  R A N G E
F ig . 4.3
Comparison o f the observed r e c o il  ranees fo r  c o llin ea r  and 
u nclass ified  fla gs  stopping in  the chamber with the ranges 
calcu lated from the range o f  the associated fragment track 
assuming th is to be a proton. The dotted curve g ives the 
expected ranges o f the re c o ils  from (Y f d ) events. The 
c ir c le s  g ive  the r e c o il  ranges o f non -co llinear (Y fpn) events 
which f a l l  just outside the c r ite r io n  fo r  c o llin ea r  fla g s  
(see tex t  § 3 (a ) )•
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proton stopping in  the chamber is  very small and consequently the photo­
proton energy d is tr ibu tion  cannot be determined from proton range
measurements. However, since the proton momentum is  d ire c t ly  re la ted  to
13the momentum o f the re c o ilin g  C nucleus, th is d is tr ibu tion  can be
determined from the range d is tr ib u tion  of these r e c o ils ,  which are from
1 - 4  mm. long. These lengths can be determined qu ite  read ily  from
microscope measurements.
3 (a )  Accuracy o f  Recoil Measurements.
The accuracy o f these measurements was investigated  by measuring
the lengths o f the re co ils  associated with the protons which stop in  the
chamber. These measurements were made fo r  re c o ils  o f c o llin ea r  and
unclassified  fla gs  o f length g rea ter than 1 cm. Since these tracks are
e ith er known or believed to  be co llin ea r , the r e c o il  length was obtained
from the lengths o f the r e c o il  and fragment images on the fi lm  and the
fragment length measured by rep ro jec tion . Measurements were made on a l l
three film s and a mean taken, th is  being weighted according to  the qu a lity
o f the r e c o il track. The measurements on the f ilm  from the top camera
generally had more w ei^ it than those from the s id e  cameras.
These resu lts  are shown in f i g .  4.3 where these lengths are
p lotted  as crosses. The abscissa in  th is p lo t i s  the r e c o il  range calcu lated
from the fragment range assuming this to be a proton. The necessary
13range-energy relationsh ip  fo r  C was taken from a review  o f experimental 
range-velocity  re la tions made by Mr. D.R.O. Morrison (Ph.D. Thesis -  
University o f Glasgow). P ra c t ica lly  a l l  o f  the points group c lo se ly  about
the (Y ,p ) lin e  and the accuracy o f the r e c o il  range measurements can be 
estimated from th e ir  spread* For the 1*64 and 2*89 Mev groups the root 
mean square deviations are 26$ and 16$ respective ly * Since the expected 
range s tragg lin g  is about 15$ the error introduced by the cloud chamber 
is  less than 0*2 mm., which is  comparable with o r less than the 
unavoidable lim ita tion  imposed by stragg lin g*
Since the range o f a c o llin ea r  f la g  r e c o il  leads to a value o f 
the fragment momentum th is technique provides the same information as is  
obtained from measurements o f magnetic curvature but has the advantage 
that a measurement can be made on p ra c t ic a lly  a l l  tracks whereas 
curvature measurements can only be made on long tracks* The error in 
momentum due to  range stragg lin g  o f the r e c o i l  is  comparable with the 
error in the curvature measurements a r is in g  from m ultiple scattering*
(For a magnetic f ie ld  o f 5,000 gauss and a chamber f i l l e d  with one 
atmosphere o f  n itrogen, the e rro r in curvature fo r  a 5 Mev proton -  
measured over a track length o f 10 cm* -  is  approximately 15$)*
In Fig* 4*3 a few ( f i v e )  points are observed w e ll o f f  the 
expected (Y ,p ) lin e . These can only be (Y ,d ) events or (Y ,pn ) events 
idiere the neutron has been emitted in approximately the same d irection  
as the proton. For comparison, the r e c o il  ranges o f some non-collinear 
(Y,pn) events which f a l l  ju st outside the c r ite r io n  fo r  c o llin ea r  fla gs  
are shown on the figu re  as c ir c le s .  Since the d is tr ibu tion  o f  these 
ranges completely overlaps the d is tr ibu tion  o f the f iv e  co llin ea r  re co ils  
in question, i t  is  c lea r that these la t t e r  cannot be d e f in it e ly  id e n t ifie d
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Fig. 4.4
The range distribution  of co llin ear f la g  reco ils  fo r  the 
19, 21 and 23 Mev runs. The shaded events are (Y ,a ) 
disintegrations •
F ig. 4.5
The (Y ,p ) “cross section” calculated from the 23 Her 
reco il range distribution  assuming that a l l  the protons 
leave the residual nucleus in it s  ground state. The 
true (Y#p ) cross section is  expected to r is e  as steeply  
as or sore steeply than this “cross section”• (See 
text § 3 (!>) ) .
Vand that the comparison o f  recoil and fragment ranges i s  an unsatisfactory  
method o f identifying (Ypd ) events when (Y#pn) events are  also present.
3 (b ) Recoil Range Measurements.
The accuracy o f re co il range measurements and o f the range- 
v e lo c ity  data has been demonstrated fo r  tracks which stop in  the chamber. 
These events were of low energy and had short r e c o ils .  Recoils from 
protons o f energy g rea ter than 3 Mev w i l l  be longer and therefore the 
measurements w i l l  he more accurate.
For co llin ea r  fla g s  in which the fragment leaves the illum inated 
region the fragment d irection  can he measured by repro jection  and th is 
g ives the r e c o il d ire c tion . The re c o il range can then be calculated from 
the microscope measurement of the projected r e c o il  image. These 
measurements were only made on the film  from the top camera as the 
geometrical ca lcu lations are extremely lengthy fo r  the other film s. The 
data fo r  ( e y,) b- ix ■ 23 Mev were obtained from h a lf the film s since the 
fragment d irections were not measured fo r  the remainder. In order to avoid  
the errors inherent in  measuring steep ly  inc lin ed  tracks only those w ith in  
45° o f  the horizontal were considered -  th is excluded 2996 o f the tracks 
(assuming an iso trop ic  d is tr ib u tion ). I f  u nclass ified  fla g s  are assumed 
to be co llin ea r  th e ir  r e c o il  ranges correspond to  protons o f energy less  
than 3 Mev so that only c o llin e a r  fla g s  need be considered here.
The r e c o il range d is tr ibu tion  fa r  the three peak synchrotron 
energies is  shown in  F ig. 4.4. For the purposes o f comparison the r e c o il  
ranges have been corrected to  the values they would have i f  emitted a t
n90° to  the Y-ray d irection * The ranges o f re c o ils  from (Y f a ) events
have been shaded* I t  can be seen that approximately equal numbers o f
events occur in  a l l  range in terva ls* -Par a synchrotron spectrum the
number o f quanta decreases with increasing energy* Hence the (Y ,p ) cross
section must r is e  as the energy increases*
In order to deduce the (Y ,p ) cross section from the above
measurements i t  is  necessary to  know the number o f protons leaving
in  an excited  sta te  and th is information is  not a t  present ava ilab le* I f
13i t  is  assumed that in  a l l  cases the C nucleus is  l e f t  in the ground
sta te , then the 'cross s e c t io n ', deduced from the data fo r  the 23 Mev run,
13is  shown in  Fig* 4*5* I f  the residual C nucleus is  l e f t  in  an excited
sta te , the apparent value o f  calcu lated from the r e c o il  range w i l l  be
too low* The true Ey w ill  be higher by between 3 Mev (th e  lowest excited  
13sta te o f C ) and 6 Mev (above which neutron emission produces non-coil inear 
f la g s )*  I t  fo llow s that the true (Y ,p ) cross section  rises  as steep ly  as 
or mare steep ly  than the 'cross section ' shown in  Fig* 4*5*
A possible source o f e rro r  is the presence o f (Y ,d ) events which 
would tend to have longer r e c o ils  than (Y ,p ) events and therefore produce 
an a r t i f i c i a l  r is e  in  the (Y ,p ) cross section  near the peak energy* Ho 
experimental evidence is a va ilab le  fo r  or against the presence o f (Y td ) 
events, but, on th eo re tica l grounds (Ge 53), th e ir  number is  expected to 
be very small*
3 (c )  (Y *q ) Events*
(Y ,a ) events which stop in  the chamber can be id e n t ifie d  since
Table 4,5
Relative Numbers of Brents fo r the Various Reactions
at the Three Peak Synchrotron Energies
Reaction 19 Mev 21 Mev 23 Mev
(Y,p) 13 32 127
(These totals inolude only those (Yf p) events with Ey. greater
than the (Y fn) threshold)
(Y»pn)
Probable 4 22 132
Upper Limit 
(see text) (13) (27) (147)
(Y ,a ) 0 0 5 + ?3
(Y ,s ta r ) 0 0 8
(Y ,n ) (C a lo . )* 8 t  2 23 t  5 75
No* of r  at 
1 metre 0*014 0*024 0*050
No* o f photos 304 265 333
*Hote» The errors indicated in the number of (Y ,n ) 
disintegrations fo r  the 19 and 21 Mev runs represent only the 
errors in the re la tiv e  numbers at the 3 energies and a rise  from 
uncertainties in  the synchrotron energy scale and in  the 
aonitoring arrangements* The absolute number o f (Y ,n ) 
disintegrations may d iffe r  from these fig s *  by a further ±  20$.
fo r  a given fragment range the r e c o il  from a (Y *a ) reaction  w i l l  be at 
least three times as long as those from other reactions producing 
oolline&r f la g s . Suspected (Y *a ) events were analysed by comparing the 
measured r e c o il length with that calcu lated from the range* the maximum 
difference being 19$ o f the calcu lated range* which is  consistent with 
range stragg lin g . The 'appearance1 o f  each o f these tracks ( i . e .  ion ization* 
multiple scattering  and ion iza tion  change a t  the o r ig in ) was consistent with 
the fragment being an alpha. This gave f iv e  (Y *a ) events. (Y ,a ) events in  
which the fragment leaves the chamber or in which the density charge is  too 
snail to be detected v isu a lly  w i l l  not have been included above. From the 
reco il range d istribu tion  (F ig . 4.4 on p. ^/O-) i t  can be seen that there 
are no co llin ea r  events with longer re c o ils  than the highest energy (Y *a ) 
event, which has a fragment length o f 2-l/2 cm. The p robab ility  o f a track 
of this length leaving the chamber is  less than 20$ so that i t  is very 
unlikely that any (Y ,a ) event w il l  have been missed because i t s  fragment 
does not stop in the chamber. Since the d iffe ren ce  in  density between the 
alpha and the r e c o il  track was not always very  marked the 16 singles 
o f appropriate range were ca re fu lly  re-examined. The m ajority o f  these 
singles looked l ik e  protons (from track density and m ultip le sca tterin g )* 
there being only three o f them which resemble alphas* so that we may take 
eight as an upper l im it  to the number o f  (Y *a ) events.
4. THE RELATIVE PROBABILITIES OF THE VARIOUS REACTIONS
The r e la t iv e  numbers o f events from the d if fe re n t  reactions are 
lis ted  in Table 4.3. In order to fa c i l i t a t e  comparison with the (Y*n )
reaction only (Y ,p ) events which occur at energies above the (Y f n) 
threshold (10*54 Mev) have been included* The number o f  such events was 
obtained from the measured r e c o il lengths o f c o llin ea r  fla gs* I t  was 
assumed that the number o f (Y#d) events is  n eg lig ib le *
The numbers o f (Y f pn) events have been taken as equal to  the 
numbers o f non-collinear fla g s *  Since they do not include any allowance 
fo r  the p o s s ib ility  that some o f the u nclass ified  fla g s  may be (Y f pn) 
events these numbers represent lower lim its  to the numbers o f such events. 
However i t  i s  believed 1hat they are a lso  the best estimates ava ilab le  
since i t  is  thought that the unclassified  fla g s  are a l l  (Y ,p ) events with 
short r e c o ils . A l l  the unclassified  fla g s  had r e c o i l  lengths less  than 
that corresponding to  a 3 Mev proton and th is  enabled the reasonableness 
o f the above assumption to be tested in the fo llow in g  way. The expected 
number o f protons o f energy less than 3 Mev which leave the chamber before 
stopping was calcu lated from the known proton spectrum up to 3 Mev and the 
probab ility  that a proton o f a particu lar energy w i l l  leave the chamber. 
This estimate was then compared with the to ta l o f u nclass ified  fla g s  and 
co llin ea r fla g s  with short re c o ils  which leave the chamber. The estimated 
number was 58 £ 15 and the observed number 73* Thus the assumption is  
p e rfec tly  reasonable but the p o s s ib il ity  that some o f  the u nclass ified  
flags  may be (Y 9pn) events cannot be ruled out. These considerations show 
that an upper lim it  o f  30 may be given to the to ta l number o f such events 
fo r  the three X-ray energies* The upper lim its  derived on th is basis are 
given in brackets in Table 4*3. I t  should be noted that the number o f
9  s'
unclass ified  fla g s  added to the 19 Mev to ta l is probably abnormally 
high due to one o f the film s being o f  somewhat poorer qu a lity .
The number o f  (Y ,n ) events was ca lcu lated from the induced 
a c t iv ity  measurements o f the Saskatchewan group (Ho 52).
I t  can be seen that the number o f (Y ,p ) events increases with 
increasing X-ray energy as rap id ly  as the number o f (Y ,n ) events and 
that the number o f (Y ,pn) events increases rather more rap id ly . Thus 
both the (Y ,p ) and (Y,pn) cross sections must have an energy dependence 
which is  s im ilar to  that o f the (Y 9n ) cross section  (Ho 52), i . e .  they 
w i l l  be small a t low energies and r is e  rap id ly  about 20 Mev. The (Y ,a ) 
and (Y ,s ta r ) cross sections are an order o f magnitude lower but have a 
s im ilar energy dependence. Using the usual techniques o f momentum balance 
four o f the e igh t s ta r events were id e n t if ie d  as (Y ,ap ) events and three 
as (Y ,oa ) events, while one was too steep ly  inclined  to  permit accurate 
measurements. Thus the (Y ,a ) ,  (Y ,ap ) and (Y ,a a ) cross sections are a l l  
about 1 -  2 x 10~^cm2.
5. NOTES ON THE IDENTIFICATION OF (Y .n ) DISINTEGRATIONS 
LEAVING N13 IH PABTICPUR STATES 
The purpose o f th is section  is  to  point out that an analysis 
o f  the (Y,pn) events should provide a measurement o f the numbers o f 
(Y ,n ) d is in tegrations leavin g H13 in  a number o f i t s  low ly in g  le v e ls  
and to report upper lim its  deduced from the present experiment fo r  the 
numbers o f (Y ,n ) d is in tegrations leav in g  in  the 2.36^(3.51 and 3.56) 
and 6.91 Mev le v e ls .
(J,n) and (#>p) Reactions in N*
’W'/zV/MV/zV
fl.iae w *
D .10
v.iiy
3*od
3 .OS/ l/it
It)
Lz-V e i« 
1« M1* 
not
shown
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F ig . 4.6
Energy leve l diagram fo r  the (Y f p) and (Y#n) reaction# 
in  The leve l data ie  taken from Ajzenberg-Selove
and Lauritsen (A j 59).
4,4
Properties of Excited States
Energy 
o f II13
Bp( e . a . ) ^
V
Fr
Level#■
Width
Bxpeeted 
Width 
of Proton 
Peak
ULL h
Level C12 
gnd. state
J 2
4.43 Mev
v
Fo Ft
Mev Mev Mev kev kev
2.36 0.37 - - 32 90
3.51 1.45 - - 63 110
3.56 1.50 - - 61 110
6.36 4.10 (0 .01) - - -
6.91 4.59 0.50 0.5S<2> 115 140
7.42 5.06 0.97 F W * . (3)
appreciable
^  85 ~  120
(e.oe^4) ( 5 . 6 6 ) (1 .58) Prob.<5>
i a U
( -  350)
Botes
(1 ) i . e .  proton energy in  the B^3 coordinate system.
(2 ) See (Be 56a)«
(3 ) Since the C^2(p ,p fY) cross section has a large resonance
at the energy corresponding to the 7.42 Mev leve l,
(Br 56) and others.
(4 ) Unconfirmed leve l.
m ■
( 5 ) Since the C (p ,p fY) cross section shoes no indication of
a resonance at the energy corresponding to 6.06 Mev 
excitation (Br 56).
?(>
The number o f (Y9n ) d i® integration* le e r in g  N*3 in  the ground
sta te  is  given by the (Y9n) y ie ld  calcu lated from Hie measured N*3
a c t iv i t y .  This f o l lo w  d ire c t ly  from the fa c t  that the energy o f the
f i r s t  excited s ta te  o f H13 is  greater than the energy required fo r
12d issoc ia tion  in to  C + p (see F ig. 4 .6 ) so that in  p ra c t ic a lly  a l l
cases in  which N13 is  l e f t  in  an excited  s ta te  the f in a l product nucleus
w i l l  be C^2 and not a13.  The protons from excited  sta tes o f H13 w i l l
have d e fin ite  energies in  the coordinate system o f the a13 r e c o i l .  For
(Y ,pn) events in  which the proton stops in  t h e  chamber the proton e n e r g y
can be accurately determined from range measurements. Thus His (Y ,pn)
events a ris in g  from (Y ,n ) transitions to  excited  states in  w i l l  be
id e n t if ie d  as events g iv in g  sharp peaks in  the d is tr ib u tion  o f  proton
energies corrected to  the coordinate systems o f the corresponding i 13
r e c o ils * .  The expected energies o f the proton peaks from a l l  the known
low ly in g  leve ls  o f  are given in  Table 4.4 (columns 2 and 3 ) fo r
12protons leaving C in  the ground sta te  and, where en erge tica lly  possib le , 
in  the 4.43 Mev s ta te . Range measurements under the conditions o f  the 
present experiment g ive  Hie proton energy d is tr ib u tion  up to  3 Mev and 
therefore i t  is  expected that the fo llow in g  d is in tegrations cculd be 
id e n t if ie d  -  (Y ,n ) events leaving N13 in  the 2.36, 3.51 and 3.56 Mev 
le v e ls  and those (Y ,n ) events leaving I r 3 in  tile 6.91, 7,42 and (8 .08 )
Mev le v e ls  fo r  which the ii13 nucleus decays to  the f i r s t  excited  s ta te
*For convenience th is d is tr ib u tion  w i l l  be ca lled  the 
corrected proton energy d is tribu tion  and is  to be distinguished from Hie 
observed proton energy d is tr ibu tion , which is  Hie d is tr ibu tion  in  Hie 
laboratory system.
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Energies and Ranges of Protons of Interest 
in Analysis o f I** (Y *n p ) Brents
Tabl« 4,5
Energy 
a t jr13 EP
In Laboratory Coordinate System
Sp(Bin) Ep(nax) |Lp(ndn) U c . » . ) ' 2  ^ L (max)
Level of Interest
MBY Her Her Mev cm*
( *
cm*
yr 1.4 atmo
cm*
V
2# 36 0.37 0.16 0.8 0.16 0.39 1.11
3*51)
3.56)
1.47 1.02 2.0 1.64 3.0 5.3
6.38 ( 4 . 1 0 ) I ~ • - - -
6.91 0.50 0.28 0.79 0.29 0.56 1.09
7.42 0.97 0.50 1.34 0.56 1*51 2.55
Hotea
(1 ) i .e .  proton energy in the coordinate system*
(2 ) i .e .  Lp fo r  Ep ■ Ep(c.m .)
12 12 o f  C • The p rob ab ility  fo r  decay to  the f i r a t  excited  s ta te  o f C
is  known to  be appreciable fa r  the 6*91 and 7*42 le v e ls  and is
probably small fo r  the broad unconfirmed le v e l  a t  8*08 Mev (see values
o f T'p, in  Table 4*4)• The 8*06 Mev le v e l is  therefore
not included in  the subsequent discussion esp ec ia lly  as the m odifications
required i f  i t  proves to  be important are s e l f  evident*
I t  should be noted that because o f the la rge  momenta o f the 
H13 re c o ils  there are no s ign ifica n t peaks in  the observed energy 
d is tr ib u tion  ( i . e . , in  the laboratory coordinate system) o f  protons from 
(Y fnp) events. The expected spread o f proton energy and range fo r  the 
peaks o f in te res t is  given in  Table 4 .5 .
The expected widths o f the peaks in the corrected proton 
energy d is tr ib u tion  can be calcu lated using the resu lts  o f the present 
experiments. The factors  contributing to the width o f the peaks are
(a )  the width o f the le v e l in  N*3
(b ) the e rro r in the range measurement o f  proton energy
(c )  the error in  the correction  to  the coordinate system
o f the H13 r e c o i l  due to  errors in  the measurement o f the r e c o il .
The expected errors in (widths o f peak at h a lf heigh t) 
due to  (b ) and ( c )  are 30 kev and 80 kev* resp ec tiv e ly . The H^ 3 le v e l
widths and the expected widths o f  the corresponding peaks in  the
*Fhis figu re  is  derived from the observed momentum unbalance
fo r  stars in  Neon (see  Chapter Yf §»TOon p.i*4-). This is  a more
appropriate estimate o f the errors in  measuring longer re co ils  than 
the data from c o ll in e a r  fla g s  in  nitrogen.
corrected proton energy d is tr ib u tion  are given in  Table 4*4* These 
figu res show that the proton groups corresponding to  the fo llow in g  three
sets o f le v e ls  should be ea s ily  separated -  2.36, 6*91 Mev; 7.42 Mev and
3.51, 3.56 Mev. The la s t  two le v e ls  are c le a r ly  too close to  a llow  the 
corresponding events to  be distinguished. However the proton groups 
corresponding to  the 2.36 and 6.91 Mev le v e ls  w i l l  probably appear as 
two incompletely resolved peaks and i t  may be possib le to  make a 
sa tis fa c to ry  separation using the value o f
to provide an additional c r ite r io n . Because o f  the giant resonance the 
mean values o f  the Ey d istribu tions are probably nearly the same fo r  
(T ,n ) events leaving H13 in  the 2.36 and 6.91 Mev le v e ls  and therefore 
the mean values o f should d i f f e r  by approximately 4 Mev.
Of the 132 non co llin ea r  fla g s  obtained in  the 23 Mev run
o f the present experiment, 37 were events in  which the proton stopped 
in  the chamber. These events were not analysed in  the manner indicated 
above since the camera arrangement used was not su itab le fo r  the 
determination o f r e c o i l  lengths and d irec t ion s*. However i t  was possib le 
to  obtain some useful prelim inary resu lts  from a study o f  the proton 
ranges and the appearance o f the tracks. Since th is study was made a t a 
time when the only excited  states o f K13 known were the 2.36, 3.51 and 
3.56 Mev le v e ls  the in i t ia l  discussion w i l l  be confined to these three 
le v e ls .
*Xn p rin c ip le  the r e c o il  lengths and d irections could be deduced 
from microscope measurements o f the images from two o f  the cameras. However 
fo r  the present camera arrangement the necessary ca lcu lations were very  
involved (tim e required was hours per track ) and therefore subject to  e rro r . 
A camera arrangement su itab le fo r  measuring r e c o i l  lengths and d irections 
was introduced fo r  the Neon experiment. (See Chapter V, S'fAj, p.i»4 ) .
o f  the B13 r e c o il  w i l l  be very nearly that o f the r e c o il  and
therefore events o f the type sought with §  90° w il l  have
E >  E (c  o f i )  resp ec tive ly , i . e .  f o r  events which look l ik e  
P P
I  ^ ^ -----
E ^  E (c o f  a ) E >  E (c o f  m) E <  E (c  o f  m)
P P P P P P x '
2.36 Mev 1 ^  0.4 cm. 0.4 <  1 <  1.1 cm. 0.16 <  1 <  0.4 cm.
Since the proton momentum is small the direction of motion
le v e l
3.51 and
P P P
3.36 Mev 1 ■ ^  3.0 cm. 3.0 1 ^  3.3 cm. 1.6 ^  1 ■C, 3.0 cm.
le v e l*  p P P
Using the two c r it e r ia  o f  appearance and proton range the
non-col lin ea r  fla g s  fo r  which the proton stopped in the chamber were
c la s s if ie d  in to  three groups depending on whether th e ir  id e n t ific a t io n  
as (Y ,np ) events proceeding v ia  one o f the above three le v e ls  in H13 was
(a )  probable or possib le
(b ) doubtful to very  doubtful
( c )  not possib le.
The number o f  tracks in  group (a ) g ives an "estim ate" o f the number o f 
(Y ,n ) d is in tegrations leaving N*3 in  one o f these le v e ls  which is  
expected to  be hig£i rather than low, possib ly by a considerable fa c to r . 
Lim iting the analysis to  the 23 Mev ir ra d ia tion  and correcting  fo r  the 
fra c tion  o f protons which do not stop in  the chamber th is g ives 5 and 
22 fo r  the number o f  (Y ,n ) d is in tegrations leav in g  in  the 2.36 Mev 
and (3.51 and 3.56 Mev) le v e ls  resp ec tiv e ly . The number o f (Y ,n ) 
d is in tegrations leaving H13 in the ground s ta te  is  given by the (Y ,n )
/(to a
F ig . 4,7
(a )  Proton range d is tribu tion  fo r  (Y ,pn) events, from 
the 23 Mev run, with orig ins in  the X-ray beam.
Events whose id e n t ific a tio n  as (Y ,n ) d is in tegrations 
leaving lA 3 the 2,36, 3,51 and 3.56 Mev le v e ls  is  
probable or possib le are indicated by s o lid  rectangles, 
those fo r  which th is id en tifica tio n  is  doubtful to  very  
doubtful by shaded rectangles and those fo r  which th is 
id en tific a tio n  is  not possib le by open rectangles, 
(L ^ L g ) and ( i ^ * ,  l ' ) are the (m in., max.) ranges in  
the chamber fo r  protons from the 2,36 Mev and (3.51 Mev 
+ 3,56 Mev) le v e ls  in  N*3,
(b ) Corresponding d is tr ib u tion  fo r  non -co llinear fla gs  with 
orig ins outside the X-ray beam.
y ie ld  calcu lated from the measurement o f  the H13 a c t iv i t y  and is  75*
The range d istribu tion  o f protons fo r  the above three groups 
is  given in  P ig . 4,7 which a lso  contains the range d is tribu tion  fo r  
protons from non-col1inear fla g s  with orig ins outside the X-ray beam.
The la t t e r  d is tribu tion  shows that the background from H^*(n9p ) events 
is  n e g lig ib le . P ig . 4.7 (a )  shows that there are a number o f  events 
which e ith e r  cannot be or are most probably not (Y fn ) d is in tegrations 
to  the above le v e ls . VLth the information now ava ilab le  on the expected 
proton peaks i t  is  natural to  in terp ret the group (c )  events with ranges 
between 1 and 2 cm. as (Y ,n ) events leaving iP-'* in  the 7.42 Mev le v e l .
Since only a fra c tion  o f these (Y ,n ) d is in tegrations are observed th is  
would imply that the to ta l number o f  (Y ,n ) d is in tegrations leaving 
in  the 7.42 Mev le v e l could be qu ite appreciab le. However i t  should 
be noted that the (Y ,pn ) events were not re-examined in  the l ig h t  o f 
the higher le v e ls  o f  H13 and no allowance has been made fo r  the 
p o s s ib il ity  that some o f the (Y tpn) events may be (Y 9p ) events leaving
C*3 in h igh ly excited  s ta tes . Hence these suggestions are qu ite
are
specu lative and/intended prim arily as a stimulus fo r  fu rther in ves tiga tion . 
A further consequence o f the consideration o f  higher le v e ls  is  that the 
f iv e  events above are more properly c la s s if ie d  as probable or possib le 
(Y ,n ) events leaving in  e ith er the 2.36 Mev or 6.91 Mev le v e ls .
B iis  g ives  rpper lim its  o f 5 (Y #n ) d is in tegrations to  the 2.36 Mev 
le v e l (assuming that there are no (Y9n ) d is in tegrations to  the 6.91 Mev 
le v e l )  and 10 (Y fn) d is in tegrations to  the 6.91 Mev le v e l (assuming that 
there are no (Y 9n) d is in tegrations to  the 2.36 Mev le v e l ) .
I t  is  worth noting that a study o f (Y ,pn) events should
a lso  provide some information on the number ( i f  any) o f low energy
photoprotons (E^ <  2 Mev) fo r  (Y ,p ) d is in tegrations due to  quanta in
the g ian t resonance region. These d is in tegrations w i l l  appear as
(Y ,pn ) events and hence events due to  high energy quanta can be se lected
using the values o f E + E + E no. They can be distinguished from thep n c>us
(Y ,n ) events discussed above by the fa c t  that they do not belong to  the 
sharp peaks in  the corrected proton energy d is tr ib u tion . This should be 
a su ff ic ie n t  id e n tific a tio n  since i t  is  reasonable to assume that the 
simultaneous emission o f a low energy photoproton and a high energy 
photoneutron is  a much less l ik e ly  process. Because o f the expected 
f in i t e  width o f  the peaks in the corrected proton energy d is tr ibu tion  
i t  is  probable that, in  practice , i t  w i l l  only be possib le to  id e n tify  
a fra c tion  o f  these (Y ,p ) events, namely those with corrected proton 
energies in  the range 0,65 -  0.85 Mev, 1.1 -  1*35 Mev and above 1.65 Mev. 
However, since corresponding photoproton energies can range from 0.3 Mev 
to  the experimental upper lim it  (say 3 Mev) th is  should lead to a 
reasonable estimate o f the number o f photoprotons with energies less 
than 2 Mev*.
Since there i s ,  a t present, no information on photoproton
* I t  w i l l  be remembered that the corrected proton energy is  
calcu lated on the assumption that the event is  a (Y ,n ) d is in tegra tion  
and is  therefore a f ic t i t io u s  energy fo r  these (Y ,p ) d is in tegrations.
The photoproton energy is ve iy  nearly the proton energy in  the 
laboratory system and hence the range o f photoproton energies can be 
judged from the figu res in Table 4 .5 . The fra c tion  o f (Y ,p ) events 
id e n t if ie d  could be calculated from the d is tr ib u tion  o f  0 (the angle 
between proton and neutron). ***
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spectra below 2 Mev i t  would be of value to get this information fo r  
one nucleus at le a st . Since a l l  other techniques fo r  detecting  
photoprotons are lim ited to energise greater than 2 Mev by background 
d if f ic u lt ie s  i t  seems clear that this information could only he obtained 
in  a  cloud chamber experiment sim ilar to that proposed above.
6. DISCUSSION
We are now in a position to discuss a l l  the photonuclear
w.p
reactions in H14* to an energy of 23 Mev, with the exception of the 
(Y ,d ) and (Y ,Y ) reactions. I t  is  convenient to separate this energy 
range into two sections with the dividing lin e  at the (Y#n ) threshold 
(10.54 Mev). Neglecting Y-ray scattering, the (Y ,p ) process is  the only 
reaction vhich can occur in the lower energy region where it s  cross 
section is  known in  very great d e ta il. In the higher energy region a  
considerable number o f photonuclear reactions can take place.
6{o4 H**(Y .p) Cross Section between 7.5 and 10.5 Mgv.
The range distribution  o f protons o f energy up to 3 Mev 
(see Pigs. 4.1 and 4 .2 ) gives the (Y ,p ) cross section below 10.5 Mev 
with an energy resolution of approximately 50 kev. This is  to be 
compared with the energy resolution of 1 Mev or more o f previous 
methods o f measuring photonuclear cross sections. The resu lts show 
that this cross section consists o f a series o f well defined resonances 
and provide a convincing demonstration o f le ve l structure in photonuclear 
cross sections. The occurrence o f such leve l structure had been 
suggested by Goward and Wilkins (Go 53), Titterton and Brinkley (T i 53) 
and Katz et a l .  (Ka 54) from resu lts using methods of moderate energy
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resolution and, in  the present case, would be anticipated from an
application of the principle o f detailed balancing to the measurements 
13/ \on the C (p fY) reaction. The present resu lts confirm the predictions 
of the princip le  of detailed balancing in  respect o f both Hie shape and 
magnitude of the (Y fp ) cross section and therefore show that the 
measurement of (p ,Y ) cross sections i s  a powerful method of studying, in  
detail, the characteristics o f photonuclear cross sections.
Prior to this resu lt the only experimental information on the 
va lid ity  of the principle of detailed balancing mas provided by a  
comparison o f R il le r1*  measurement of the He*(Y,p) cross section (fh  54) 
with the best measurement of the H"*(p,Y) oross section (Pe 55), Both 
these resu lts  were published when the nitrogen experiment was nearing 
completion. In the energy region common to both measurements
-  20 -  25 Mev) F u lle r 's  cross section r ise s  in a sim ilar, though not 
iden tical, manner to the He*(Y,p) cross section deduced from the H^(p,Y) 
cross section. F u lle r 's  integrated cross section is  approximately 80^ 
of the integrated cross section deduced from the H^(p,Y) measurement.
As Fuller points out (see Pe 55) these differences are w ell within the 
errors in  the He*(Y,p) measurement which are expected to be rather large  
below 26 Mew, The confirmation of the princip le  o f detailed balancing 
is  thus leas complete than that provided by the comparison of the 
ir**(Y ,p ) and C^3(p ,Y ) measurements.
Independent confirmation o f the correspondence between the 
N^*(Y,p) and C ^ (p ,Y ) reactions has been provided by subsequent 
experiments in which the cross sections at the 8,06 and 9,17 Mow 
resonances in  the reaction have been measured using the
radiation from the corresponding resonance in  Hie C*3(p ,Y ) reaction.
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G riffith s  (Gr 58) used the Y-rays from the 554 kev C (p ,Y ) resonance
(Ey *  8,06 liev) and detected the photoprotons produced in a nitrogen
f i l l e d  proportional counter* He obtains a value of 10*5 1 0.6 e? fo r
/ y (which is  proportional to ^or *he resonance). The value
of / y obtained from C*3(p ,Y ) £ is  10,2 ev (Se 52, Wo 53), Hanna
and Mey er-3chutzmeiater (Ha 59) determined the cross section fo r
W*4(Y ,p ) a t the 9,17 Mev resonance by measuring the absorption in  liqu id
13nitrogen o f the Y-rays from the 1,75 Mev resonance in C (p ,Y ). From
this cross section and the principle o f detailed balancing they
calculate the expected y ie ld  of Y-rays from the 1,75 Mev resonance in
13 —9the C (p ,Y ) reaction and obtain a value o f (7,7 t  1 ,5 ) x 10 ground
state Y-rays/proton, This is  to be compared with the d irectly  measured
value of (7 ,4  t  3) x 10*^ ground state Y-rays/proton obtained in the
same experiment and the value o f 10,4 x 10~9 ground state Y-rays/proton
from e a r lie r  experimental measurements (Se 52, Wo 53),
Further evidence on the v a lid ity  of the princip le  of
detailed balancing in  photonuclear reactions has been provided by Mann
12and T itterton 's  measurement o f the C (Y ,p ) cross section fo r  monochromatic 
17,6 Mev radiation (Ma 56), Their value o f (l,1 9  t  0,21) x 10~^7 cm^  
is  in  agreement with the croas section deduced from the measurements on 
the B **(p ,Y ) reaction (Hu 53, Go 55b) which is  (1,09 t  0,16) x 10~^7 cm^.
B latt and Weisskopf (B1 52, p, 651) have suggested that an 
energy dependence o f the tota l photonuclear cross section such as is  
obtained fo r  H14 (see Fig, 4 ,8 ) might be due to a change in the 
character of the radiation absorbed above 15 Mev, They postulated that
13
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only e le c t r ic  quadrupole and magnetic d ipole absorption were e f fe c t iv e  
below 15 Mev and that the sharp r is e  above th is  was due to  the onset 
o f  e le c t r ic  d ipo le absorption. I t  is  known that the grea ter part o f  the 
absorption in  the gian t resonance region  must be e le c tr ic  d ipo le (Le 50). 
I t  is  therefore o f in te res t to  note that in the energy region where th is 
process has been studied in  d e ta il,  i . e .  f r e e  7*5 -  10*5 Mev, a la rge 
proportion o f the absorption is  by e le c t r ic  d ipole tran s ition s . The 
spins and p a r it ie s  o f the le v e ls  in H14 corresponding to  the observed 
proton groups are as fo llow s l ” , 0* (2 *  or 1+) and 2+ (Ka 60) 59 ).
The ground sta te  o f F14 is  1*. Hence fo r  two out o f the four le v e ls  the 
transitions involved are e le c t r ic  d ipo le. This is  in c o n fl ic t  with the 
above hypothesis and suggests that the g ian t resonance is  due to a 
change in  the p rob ab ility  o f absorption rather than to a change in  the 
character o f the rad ia tion  absorbed.
Photonuclear Reactions in  H^4 above 10.5 Mev.
I t  has been shown that the cross sections fa r  both the
(Y ,p ) and (Y ,pn) reactions in N*4 have an energy dependence s im ila r to
that o f the (Y ,n ) cross section , i . e ,  they are small below 15 Hsr and
large in  the neighbourhood o f  20 Mev, The cross sections o f a l l  other
reactions are an order o f magnitude sm aller, The r is e  in  the (Y ,pn)
cross section  had a lso  been established by the work o f Ferguson et a l .
(Fe 54) who measured the sum o f the (Y ,n ) and (Y*pn) cross sections by
observing the to ta l y ie ld  o f neutrons from a14. The (Y ,pn) cross section ,
obtained by subtraction, resembled in  shape the (Y ,n ) cross section
13obtained from measurements o f  the C a c t iv it y  and was About three times
E N E R G Y  ( M E V )
Pig. 4.8
Measured and inferred photonuclear cross sections in  H14. 
For fu l le r  description see text (S 6^6) p . 'o 6 ). For 
c la r ity  the width of the narrow resonances below 10*5 Her 
hare been increasedf but the integrated cross section  
remains correct.
Note -  The techniques used to obtain the cross sections 
above 10.5 Mev were Incapable o f resolving 
leve ls  such as those observed below this energy.
aa large* Thus the cross sections of a l l  the principal reactions in  
H1*  re flec t  a pronounced increase in the nuclear photon absorption 
cross section in the v ic in ity  of 20 Mev* This is  shown in Fig* 4*8 
which illu stra te s  the characteristics o f these cross sections but does 
not necessarily represent the ir  exact values* This figu re  shows the 
(Y yp) cross section between 7*5 and 10*5 Mev together with the (Y fn) 
cross section as measured by the radioactive product technique (Ho 52)* 
Since i t  has been shown tbat9 above 10*5 Mev, the (Y ,p ) cross section  
has the same general features as the (Y ,n ) cross section, i t  is  
reasonable to suppose that i t  is  a constant multiple o f the (Y ,n ) cross 
section* A lso, since the (Y ,a ) and the (Y ,s ta r ) reactions have very 
8mall cross sections, the tota l cross section w i l l  be given by the sum 
of the (Y ,n ), (Y ,p ) and (Y,pn) cross sections* The (Y ,pn) cross 
section was deduced in  a manner sim ilar to that used fo r the (Y ,p ) 
reaction except that, in accordance with the resu lts discussed in § 4, 
the ratio  o f the (Y ,pn) to the (Y ,n ) cross section was taken to increase 
somewhat with increasing photon energy*
As was pointed out in  § 5, H ^ Y jn )  disintegrations leaving 
H13 in low ly ing excited states give (Y,np) events from which i t  is  
possible to determine both the H13 leve l involved and the energy of the 
Y-ray producing the disintegration* A repeat experiment to measure 
these events would be of considerable importance* Although there are  
as yet no detailed theoretical calculations with which to compare the 
results of such an experiment i t  is  anticipated that they would provide 
a sign ificant test between the direct ejection and the compound nucleus
/0-J
The fo llow ing preliminary conclusions can be drawn from the 
data provided by the present experiment. The figures used in the 
follow ing discussion are from the 23 Mev run fo r  which most o f the 
disintegrations w i l l  be caused by quanta in  the giant resonance 
region and therefore the in it ia l  photon absorption w i l l  be by e lectric  
dipole transitions*
F irs t ly  i t  is  c lear that a large fraction  of K**(Y fn ) and (Y fp) 
disintegrations leave the residual nucleus in  the ground state . This . 
is  iD0 8 t eas ily  seen i f  i t  is  assumed that
( i )  a l l  (Y f |*i) events are (Y fp) or (Yf» )  disintegrations leaving
the residual nucleus in highly excited states which subsequently decay by
the emission of neutrons or protons respectively
( i i )  h a lf the (Y,pn) events are (Y fp ) disintegrations and h a lf
(Yfn) d isintegrations.
Then from the numbers o f events in Table 4*3 i t  follows that ths
13proportion o f (Y ,p ) disintegrations leaving C in  the ground state or
127 2
one of the f i r s t  three exoited states -  127 + 66 ~~ sT 9
proportion of (Y fn ) disintegrations leaving in  the ground state ■
75 /v 1
75 + 66 ~~ 2 * resu lts of § 5 show that the number o f (Y fn )
disintegrations leaving H13 in one o f the f i r s t  three excited states
is  <  l/5rd  the number of (Yfn ) disintegrations leaving in the ground 
13 13state. Since C and N are mirror nuclei and the partic le  energies 
are much greater than the barrier heights the corresponding ra t io  fo r  
(Y ,p ) disintegrations is  expected to be very sim ilar. Hence the
pictures of photodisintegratian.
/Of
i s  a lso  ^  \  • While the figures given fo r  the proportion o f (Y fn ) and
(Ytp) disintegrations leaving the residual nuclei in  the ground state
w i l l  be influenced by the v&Hdity o f assumptions ( i )  and ( i i )  the general
conclusion that these disintegrations are dominant i s  c lea rly  independent
of these assumptions*
Also the upper lim its to the number of (Y ,n ) disintegrations
leaving H13 in  the 2*36, (3*51 and 3.56) Mev leve ls  (see § 5) indicate
13
that the number o f (Y ,p ) disintegrations leaving C in  the ground
state or one o f the f i r s t  three excited states is  most probably greater
than the number of (Y ,n ) disintegrations leaving in  one o f the
corresponding states. Since the energy of the fourth excited state o f  
13C is  greater than the neutron binding energy the tota l number of 
these (Y fp ) disintegrations is given by the number of co llin ear fla g s  
(see Pig. 4 .6 )* . The tota l number of these (Y fn) disintegrations l ie s
*Fhis discussion assumes that
( i )  there are no undiscovered leve ls of or i 13 in  the 
appropriate energy region. This seems very reasonable since this energy 
region has been searched by a number of d ifferen t react!(His (see A j 59);
( i i )  the number o f (Yf pn) events fo r  which the neutron energy is  
less than ^/2 Mev is  small and can be neglected. Because of the small 
neutron momentum an event o f this type w i l l  have a  reco il direction fa l l in g  
within the acceptable range fo r  co llin ear f la g s . Events of this type would 
be produced by low energy (Yf n ) disintegrations leaving lr-3 ^  highly  
excited states but their number would have to  be unreasonably large  to 
s ign ifican tly  a lte r  the number of co llin ear f la g s . (Y9p) disintegrations to 
a leve l in C 3 just above the neutron binding energy appear to be very 
unlikely . The f i r s t  w ell established higher le ve l is  1.91 Mev above the 
neutron binding energy. Transitions to a recently reported leve l (Mo 58)
at 5.51 Mev (0.56 Mev above (, + n) would lead to some events being wrongly
c la ss ified  as co llin ear f la g s . However this leve l gave only a small group 
in the product spectrum fo r  one reaction (B^ (He3,p ) ) and did not give a  
detectable group fo r  a number of other reactions. Hence i f  this leve l
exists the probability  fo r  transitions to i t  is  expected to be small.
13proportion of (Y,p) disintegrations leaving C in the ground state
between the (Y ,n ) y ie ld  calculated from the measurements o f the induced 
H13 activ ity  and the sum of th is y ie ld  and the upper lim it to the number 
of (Y ,n ) disintegrations leaving in one of the f i r s t  three excited  
states. Thus the ratio  of (Y f p ) disintegrations to (Y tn ) disintegrations  
lie s  between 1*25 and 1*7* The experimental error in  these lim its is  
±  25$. Barker and Mann (Ba 57) have pointed out that a difference of this 
magnitude in the y ie lds of corresponding (Y fp ) and (Y ,n ) disintegrations  
of a s e l f  conjugate nucleus is  an expected consequence of the isotopic  
spin impurity in the excited states* They noted that the, not very 
accurate, experimental values of the C (Y ,p ) and (Y ,n ) cross sections 
were in the ratio  o f 2 i l  and that this ra t io  could be f it te d  with a  
reasonable isotoplo spin impurity* The resu lt reported here provides 
further evidence fo r  a rea l difference in the two yields*
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THE (r.a). (r.2cp ASP (T .op) REACTIONS IH He20
As was pointed out in Chapter I  the sta r producing reactions 
are of particu lar interest since they can he expected to provide 
information about the mechanism o f photonuclear reactions which is not 
obtainable from studies of other reactions. To date a number o f sta r  
producing reactions have been studied with nuclear emulsions. Star 
events have been observed with the cloud chamber but not studied in
deta il. A feature o f the sta r producing reactions most extensively
12 16studied, C (Y,3a) and 0 (Y ,4a ), is  that their cross sections are
small in the v ic in ity  of the giant resonance and hence 1hey give l i t t l e  
information about the reaction mechanism in this important energy
region. As is  shown below there are good reasons fo r  expecting that
20 20 the reactions Ne (Y ,2a) and He (Y ,op) w ill have appreciable cross
sections in  the v ic in ity  of the giant resonance (a t  approximately 21.5 
20Mev for Ne )• Hence a study o f these reactions (which can only be 
made using the cloud chamber technique) would be o f considerable value 
and would a lso  provide a further test of the po ten tia litie s  of the 
cloud chamber in photonuclear studies. In th is  connection i t  is  of 
interest to note that star producing reactions make good use o f the 
strong points o f the cloud chamber technique. As the nitrogen  
experiment showed, the cloud chamber gives very accurate resu lts  
providing the energies o f the product partic les  are small enou#i to be 
determined from range measurements. For (Y ,p ) reactions the energy 
region which can be studied in this way is  lim ited to the f i r s t  few
Chapter V
Mev above threshold* For sta r producing reactions accurate resu lts  
can be obtained over a much la rg e r  energy region since the availab le  
energy is  shared between a number of partic les and, in general, at  
least one of these is  an a  partic le*
The reasons fo r  expecting the He2^(Y ,2a) and Ne2^(Y fap) 
reactions to have an appreciable cross section are as follows*
F irstly  the thresholds fo r  these reactions (11*90 Mev and 16*86 Mev 
respectively ) are particu larly  low,while the (Y ,p ) and (Y ,n ) thresholds 
are h igu  Hence, from the standpoint o f the energy ava ilab le , the 
(Y ,2a) and (Y ,ap ) reactions are expected to compete favourably with 
these la tte r  reactions in the energy region near 20 Mev* Other 
factors a ffecting  the cross sections can be assessed by considering 
the various ways in which these reactions could take place* In 
principle 1hese are the simultaneous emission o f the two partic les  
concerned and the fo llow ing two stage reactions*
He20 + Y — a ♦  016 —►- a  ♦  a  ♦  C12 ( l a )
He20 + T — a  ♦  016*  — a  p + I 15 ( l b )
He20 + T — p + F19 — *>  p +  a  + H15 (2 )
i .e .  Reactions ( l a )  and ( l b )  are special cases o f the (Y ,a ) reaction
and reaction (2 ) is  a special case of the (Y ,p ) reaction* The
12 12measurements on the C (Y ,3a) reaction have shown that fo r  C the
simultaneous emission of two a partic les is  improbable* Hence, in
the follow ing discussion, only contributions from the two stage
reactions are considered* Any error in this assumption can only lead  
to an underestimate of the cross section*
Reaction (2 ) w ill  be considered f i r s t *  Since the a partic le
binding energy in is  4*0 Mev, (Y#p) disintegrations leaving in  
an excited state of energy greater than ^ 4 * 5  Mev w ill generally lead
to (Y ,pa) disintegrations* For Ey greater than 18 Mev such
disintegrations are expected to form an appreciable and increasing  
fraction  o f the total (Y ,p ) cross section* (Y ,p ) disintegrations 
leaving F19 in an excited state of energy greater than 8 Mev w ill  lead  
to both (Y ,pa ) and (Y,2p) disintegrations* For Ey ■ 23 Mev such 
(Y ,p ) disintegrations should be a very small fraction  of the total 
number*
20The (Y ,a ) reactions in  Ne are analogous to the (Y9a )
reactions in  and a16 whose general features are in good agreement
with the predictions o f the isotopic spin selection rules (Ge 53) (see
Chapter I ,  p* 40). For the a  partic le  nuclei (i*e *  N ■ Z = even
number), these rules predict that, fo r  the energy region in  which
proton and neutron emission is  possible, the (Y ,a ) cross section w ill
be appreciable only i f  the emission of an a  pa rtic le  leaves the
16residual nucleus in a T *  1 state* The f i r s t  T -  1 leve l o f 0 is  
expected a t  13*2 ± 0*7 Mev* which is greater than both the a  partic le  
and proton binding energies. Hence the "isotopic spin allowed" (Y ,a ) 
disintegrations w ill  appear as either (Y ,2a) or (Y ,ap ) stars (see
*This was the case at the time the neon experiment was
planned. The f i r s t  T ■ 1 level is now known to be at 12*78 Mev (A j 59).
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Energy level diagram for the (T ,a ) reactions in He' 
The le v e l data 1s taken from Ajsenberg-Selove and 
Lauritsen (A j 59)*
Table 5.1
Characteristics of (Y.g) Reactions in a Barticle Nuclei
Nucleus
Thresholds Bata fo r  Residual Nucleus
(T , a ) Allowed
(Y ,a )
(approx.)
1st T -  1 
leve l 
(Estimated 
Energy)
Binding Energies
a P
Mev Mev Mev Mev Mev
c12 7*37 24.0 16.7 -  0.09 17.2
o16 7.19 22.2 15.1 7.39 16.0
He20 4.78 18.0 13.2 7.19 12.1
Mg24 9.33 20.0 10.7 4.78 12.9
S i28 10.00 19.5 9.5 9.33 11.7
CMCOCO 6*94 16.2 9.3 10.00 11.6
A36 6*6. 14.0 7.4 6.94 8.9
Ca40 7.2 13.7 6.5 6.6 8.5
Note -  The figu res in th is table  represent the data ava ilab le  a t  
the time the Neon experiment was planned* The energies o f the 
f i r s t  T ■ 1 leve ls  are derived from the masses o f the isobario  
nuclei and may be in error by a few tenths of an Mev*
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Fig. 5 ,1 ), The threshold fo r the isotopic spin allowed (Yfa ) reaction
is  17,9 Mev ( i , e ,  13,2 + 4,7 Mev), Allowing fo r  the e ffe c t  o f the
coulomb barrier the cross section can be expected to be appreciable
above 20 Mev (say ) which is well within the giant resonance region,
20It  should be noted that in this respect Ne is  unique am eng 
the ligh ter a  partic le  nuclei. This can be seen from Table 5,1 which 
l i s t s  the thresholds fo r  the (Y ,a ) reaction and the allowed (Y ,a )
* i t  i f
reaction and data fo r  the residual nuclei. For C , 0 , Mg and
28Si the energy at which the probability  fo r  a  emission to a T •  1 
state of the residual nucleus becomes s i& iifican t ( i , e ,  threshold plus 
allowance fo r  the coulomb b a r r ie r )9 is  above the energy of the giant 
resonance and hence the maximum cross section fo r the allowed (Yta)
20reaction (appears as (Y ,2a ) reaction) w ill be less  than that fo r  Ne 
by an amount corresponding to the smaller nuclear photoabsorption at 
the higher energy. The remaining a  partic le  nuclei seem unlikely to
have large (Y,2a) and (Y ,ap ) cross sections*• Hence the cross sections
20
fa r the (Y92a) and (Yfap) reactions in Ne are probably considerably 
la rger than the corresponding cross sections in other a  partic le  nuclei,
*Tbe reasons fo r  this are
( i )  The lowest T »  1 leve ls o f the residual nuclei have 
in su ffic ien t or only ju st su ffic ien t energy to emit an a  pa rtic le .
This and the larger coulomb barrie r  make i t  most probable that 
transitions to these levels w i l l  appear as (Y ,a ) and not (Y ,2a ) 
dis int egrations •
( i i )  The la rge r coulomb ba rrie r  w ill  a lso  lead to a 
reduction in the probability  of emission of the f i r s t  a  pa rtic le ,
( i i i )  In any case i t  is  by no means certain  that the isotopic  
spin selection rules w i ll  channel a l l  (Y ,a ) disintegrations to T ■ 1 
levels since their effectiveness w ill  be reduced by the increasing 
coulomb force.
It  fo llows that these cross sections are probably considerably 
la rger than the corresponding cross sections in any other nucleus.
For nuclei other than the a partic le  nuclei either one or both of 
the (Y ,n ) and (T ,p ) reactions w i l l  have a comparatively low threshold 
and hence competition from these reactions oan be expected to  resu lt  
in a sm aller cross section fo r  the star producing reactions* . Also fo r  
these nuclei there is no mechanism tending to make the (Y ,a ) reaction  
lead to highly excited states of the residual nucleus* and hence i t  
is  to be expected that only a small proportion o f (Y9cl)  disintegrations 
w ill  appear as sta r events*
An additional reason fo r  studying the (Y9a )9 (Y 92a) and
(Y ,ap ) reactions in  He2^ is  that they provide a test of the isotopic
spin selection ru les in a nucleus fo r  which any deviations due to the
12 16coulomb force w i l l  be greater than those fo r  C and 0 *
A desirable feature of this experiment is  that sign ifican t  
results can be obtained with only a few events and these resu lts can 
be used to determine i f  i t  is  worthwhile co llecting more data to 
study the other results of interest* Only a few events are required 
to show i f  the (Y92a) and (Yf ap) cross sections are large as expected 
and i f  the (Y 9a )9 (Y92a) and (Y9ap) cross sections have the general 
form predicted by the isotopic spin selection rules* Bather more
*For nuclei with Jf/Z the isotopic spin selection  rules do 
not re s tr ic t  the states in  which the residual nucleus may be le f t  
follow ing a  emission. For nuclei with N »  Z (equals an odd number 
in this case) the isotopic spin selection ru les predict a strong 
preference fo r  T -  1 states in the residual nucleus, but the f i r s t  
T -  1 state in these nuclei is  at a low energy.
events are required to determine which leve ls  of the intermediate 
nuclei ( i f  any) are involved in the (Y ,2a) and (Y ,ap ) reactions*
I f  only one or two levels are involved then i t  may w e ll be worthwhile 
collecting the number of events required to determine the angular 
distributions and hence the type of rad iative  transitions involved.
The experiment described in this chapter covers the f i r s t  
stage of th is program* I t  shows that the (Y ,2a) and (Y9op) cross 
sections are indeed large  and, in addition to the resu lts o f physical 
interest which are discussed la te r , i t  provides considerable 
information on the accuracy o f s ta r  measurements in a cloud chamber* 
1. NOTES ON EXPERIMENTAL METHOD 
1 (a ) Summary of Cloud Chamber Conditions*
The cloud chamber f i l l i n g  (with the chamber expanded) was 
87 cm* neon (spectroscopically pure) ♦  1 cm* oxygen ♦  water. The 
cloud chamber was fit ted  with a butyl rubber diaphram to reduce 
diffusion (the d iffusion  ra te  fo r  a ir  was 0*05 cm*/day/atmosphere 
pressure d ifference) and therefore the gas composition did not change 
sign ifican tly  during the 10 day period in which the photographs were 
taken. The stopping power of the gas was obtained from the range of 
the Po a partic les and a lso  from the pressure which was measured 
before and a fte r  the run* The two methods gave values o f 0*72 and 
0.727 respectively fo r  the stopping power re la tiv e  to a ir  at S.T .P.
The e lectrostatic  clearing f ie ld  was turned o f f  during the 
expansion* This produced very sharp reco il tracks but caused some 
reduction in contrast between the tracks o f the reaction product and
recoil nucleus* As a resu lt the orig in  of some (Y ,a ) events could not 
be d e a r ly  distinguished* The reco ils  from (Y ,p ) events were always 
clearly  v is ib le  (see Plate 14)*
Approximately 1000 photographs were taken a t  a peak X-ray 
energy of 23 Mev* The to ta l X-ray dose was measured with an ionization  
chamber (see p* 59) which was ca librated  by comparison with a 
Victoreen r  meter placed a t the centre o f a perspex cylinder 8 cm* in  
outside diameter*
1 ( b )  Camera Arrangement fa r  Microscope Measurement of Cloud Chamber 
Tracks.
The nitrogen experiment showed that valuable and re lia b le  
data could be obtained from the measurement of reco il tracks (l/5rd -  
3 mm* long) provided the film s were measured with a microscope. A 
lim itation on the resu lts was that, with the camera arrangement used, 
it  was only practicable to use the microscope to measure the length 
of reco il tracks whose direction was known from the direction o f the 
associated photoproton* The determination of both track length and 
direction from measurements o f the images on the films involved 
calculations requiring hours per track. For the analysis o f the star  
events expected in the Neon experiment it  is  essential to obtain both 
recoil lengths and directions from the microscope data* The 
modification to the camera arrangement described below enabled these 
to be determined in a straight forward and convenient way. A desirable  
additional feature was that the lengths and directions o f longer 
tracks could be obtained using the set up fo r  measurement by microscope
Jig. 5*2
Arrangement o f the cloud chamber cameras fo r  the Neon 
experiment* P ,, Pg and P„ are the principal points of 
the camera lenses* The rectangular axes (Ox, Cyf Os) 
define 1he coordinate system used in the analysis*
with an accuracy as good as that obtained by reprojection and hence 
a l l  the analysis could be completed in one operation. The time 
required fo r  a track measurement was about the same as that required  
for a track measurement by reprojection.
The essential feature of the new arrangement is that* fo r  
a l l  cameras* the lens ax is is vertica l and the film  plane horizontal. 
The image on the film  is  then an exact reprojection o f the (con ica l) 
projection of the track onto the (horizontal) plane of 1he grid  wires 
bu ilt into the chamber. The formulae re lating measurements on the 
films to positions in  the chamber are then very simple while those 
giving directions and lengths of cloud chamber tracks are re la tiv e ly  
simple.
The positions o f  the three cameras are indicated in Fig.
5.2 shere P^* and are the principal points o f the three camera
lenses. For a l l  camezas the centre o f the cloud chamber image was an 
appreciable distance o ff  the lens axis and therefore i t  was expected 
that the e ffect of lens abberations would be correspondingly greater. 
Because o f this the camera lenses were checked fo r  distortion  and i t
was found that* while they produced measureable b a rre l d istortion  at
*
a distance from the axis* the errors were small and did not a ffe c t  
the accuracy of the measurements. The accuracy of the analysis was 
therefore determined by the quality of the track and* to some extent* 
by the characteristics o f the microscopes used in the analysis. The 
maximum errors were
Max* error
Position within chamber
Horizontal coordinates l/b mm.
Vertical coordinates 1 mm.
Track direction (fo r  proton or a  partic le  tracks)
Projected angle l/ Z °
Vertical angle 1°
Track length ( a l l  tracks)
Tracks shorter than 2 - ^ / 2  cm. (equivalent to
diameter of microscope f ie ld  of view) 0.1 mm.
Tracks longer than 2 - ^ / 2  cm. 0.5 mm.
This accuracy was quite adequate fo r the neon experiment 
but i f  i t  were necessary i t  could be improved by using better 
microscope equipment. A further description o f this method o f analysis 
is given in Appendix I I I  which contains the formulae fo r  analysing the 
measurements, the figures fo r  the lens distortion  and a discussion o f 
the accuracy achieved and the ultimate accuracy o f the method.
The only previously reported method fo r  analysing cloud 
chamber tracks by microscope measurement o f  Hie camera films is that 
due to Blackett (B1 22, B1 23, B1 25, described in  Wi 51, p. 105-109). 
Blackett used an arrangement of two cameras whose film  planes were
each at an angle of 45° to the horizontal and at righ t angles to one
another. In comparison with this the camera arrangement developed for  
the neon experiment has two advantages. Less time is  required fo r  the 
analysis since the equations used are simpler. Greater f le x ib i l i t y  in
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Fig. 5.3
Model used to determine directions and lengths of 
oloud chamber tracks from measurements on the three 
camera film s. The diameter of the c ircu la r  
protractor is  5* and the length o f the pointer i s  6W.
Projections Lamps
Cameras
Model fo r  determining 
directions and lengths 
of cloud chamber tracks
Reprojection Table
Photograph showing cameras and reprojection  
table am used fo r  track analysis in  the 
neon experiment*
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desigi i s  possible, since the horizontal separation o f the cameras 
can be varied within quite wide lim its . For the Blackett arrangement 
the position of the cameras in uniquely determined by the characteristics  
of the camera lenses and the s ize  o f the cloud chamber image. The new 
arrangement has the disadvantage that the centre of the cloud chamber 
image is displaced from the axis o f the camera Ians but, as was found 
here, the requirement fo r  freedom from errors due to d istortion  can 
be met without d if f ic u lty . At the same time i t  is  c lear that the 
lenses should always be tested fo r  freedom from distortion .
The process of analysis was further sim plified by using a
model which makes use of the fact that the images on the film s are
projections onto a horizontal plane from the camera lenses. This 
model consists of a pointer fixed  in a b a ll jo int and f it te d  with 
angular scales as shown in Fig. 5.3. It  mas used in  conjunction with 
the existing reprojection equipment and rested on the reprojection  
table which was kept horizontal. The positions of model and 
reprojection table were adjusted so that the centre o f the b a l l  jo int 
was at the point corresponding to the origin  of the track being  
studied and the pointer moved u n til the shadows cast by the three 
combinations of projection lamp and camera were in the same directions 
as the images on the three film s (see Fig. 5.3 and 5 .4 ). The angle o f  
dip and the horizontal projected angle o f the pointer and track were 
measured d irectly  with the a id  of the ve rtica l protractor. The length 
of the track was a lso  obtained from this model since
length of track -  length of im ge x f f i g g  g  '^ a d^T  *
small correction
In addition to saving time the use o f the model had the further 
advantage that the data from a l l  three film s was displayed and analysed 
simultaneously. Hence any inconsistencies in the measurements could be 
seen and checked immediately.
An important observation follow ing from the above is  that by 
using a sim ilar though somewhat more complicated model this type of 
analysis can be used with any stereographic camera arrangement. For any 
camera the image on the film  is  a reproduction of the projection of the 
track onto a plane p a ra lle l to the film  plane. Thus microscope 
measurements with any camera arrangement can be analysed using a model 
designed to measure fo r  each shadow the angle and length of the shadow 
cast on the plane p a ra lle l to the film  plane o f the corresponding camera.
A model o f this type could be b u ilt  by using a set of open protractors.
This type o f model was not used to analyse the results o f the nitrogen 
experiment for the good reason that the idea o f using i t  only occurred 
during and as a consequence o f the neon experiment. The po ss ib ility  of 
analysing microscope measurements made with any camera arrangement w i ll  
modify the case fo r adopting the •’horizontal film  plane** camera arrangement 
in  any future experiment. There is a good case fo r  using this camera 
arrangement fo r a l l  experiments in which i t  is  necessary or desirable  
to measure a large number of the tracks o f interest with a microscope.
The coordinates of some point on the track must be known before the 
model can be used and the determination of these from microscope
(see Appendix I I I ) .
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Table 5.2
Possible Riotoreactions in the Neon Experiment
Target Nucleus Particles Emitted
Threshold
Short
Singles
Flags Stars
Mev Mev Mev
He20 a 4.75
a  ♦  a 11.90
P 12.87
a + p 16.86
n 16.91
5a 19.17
a  ♦  n 20.34
P + P 20.82
d . 21.05
He3 21.17
„ 22
Ne a 9.66
n 10.36
P 15.31
a  + a 15.90
a  + n 17.72
d 21.16
t 21.51
«160 a 7.15
P 12.11
4a 14.43
n 15.60
d 20.72
arrangement*
1 (c ) Analysis*
( i )  Inspection and C lassification  of Events*
The reactions which can be produced in the gas of the
cloud chamber are lis ted  in Table 5*2 together with th e ir  thresholds and
21expected c lass ification * Reactions in Ne can be sa fe ly  neglected*
The thresholds fo r  the reactions o f interest ( (Y #a ) ,  (Y ,2a) and (Y fa p ))
20 21are a l l  h i^ ie r  than the corresponding thresholds in Ne while the Ne (Y, 
threshold is  10 Mev lover than that fo r  Ne^°(Y ,n ). Hence, fo r  these two 
nuclei, the ratio  of events of interest can confidently be taken as less  
than the ra tio  of their re la tive  abundances (0*28^ and 90*51$ 
respectively)*
The film s from a l l  three cameras were scanned concurrently 
using an eyeglass and, fo r  c loser examination, a low powered microscope* 
The events found were c la ss ified  d irectly  into reaction groups* This 
was possible since events due to the (Y ,n )#, (Y fp ), (Y ,a ) ,  (Y ,2a) and 
(Y,cp) reactions were easily  distinguished and there were no events 
due to other reactions.
The evidence for the absence of other events is  as follows*
Eour o f ihe reactions give d istinctive  events which were not observed* 
These are (Y ,4a) (4 pronged s ta r ), (Y ,an ) (non co llin ear f la g  with long
*The reco il tracks from the (Y ,n ) reaction have a maximum 
length of 2 mm* Such tracks were observed and noted but not measured 
or counted since i t  is probable that some of them were overlooked.
measurements is much easier for the "horizontal film plane" camera
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Table 5*3 
Q Values fo r  Background Events
Neon Experiment
»e 20(n ,a )
Ne20(n ,p )
He22(n ,a )
»e 22(n ,p )
016(n ,a )
016(n ,p )
Nitrogen Experiment
^ ( n j a )
^ ( n . p )  1
Q
-  0.60 Mev
-  6.26 Mev
-  5.70 Mev
Not known but certain ly  
large
-  2*20 Mev
-  9*62 Mev
-  0*15 Mev 
+ 0.63 Mev
Table 5.4
Classification of Events for Neon Experiment
Reaction Group Number of Events
(r,p) 316
23 Mev
(  f  (Y,n)dE from reference Fe 64
Doubtful (Y .p m )^  6
(Y ,a ) 28
(Y ,2 a ) 2 0
(Y ,ap ) 40
, ( i i )
Approximate 
Integrated 
Cross Section
Mev-mb.
30
30 )
1
2
4
Unclassified 5
Notes
( i )  On the c r ite r ia  o f the nitrogen experiment (see  
p. ) these events were non-collinear flags  and were therefore  
c la ss ified  thus even though the (Y,pn) reaction is  energetically  
impossible fo r  neon and oxygen. They are probably (Y ,p ) events 
in which the recoil was scattered close to the orig in . The 
expected number o f (Yf pn) disintegrations in  the small amount o f  
nitrogen idiich would have diffused into the chamber during the 
experiment is  2 / 3  o f an event.
( i i )  These events are a l l  short tracks resembling
a  tracks and somewhat buckled in appearance* They are possibly  
a  partic les emitted just before the expansion from s ligh t  
radioactive contamination from the Po source*
111.
reco il and short dense fragment track ), (Y ,5a) (5 pronged s ta r ) and
(Y,2p) (two low energy proton tracks and short reco il (to ta l proton
. «
energy less than 2.2 Mev)). (Y ,d ), (Y f t )  and (Y#He ) events are
unlikely because of the high thresholds fo r  these reactions. They were
defin ite ly  excluded by la te r  measurements since, with the X-ray energy
availab le , the emitted partic les would be o f short range with a high
probability o f stopping in the chamber. ( (R , )  *  5.2 cm., (R .) ■
cl max. v max.
1.9 cm. and (K - 3 ) -  1.0 cm.). Such events would resemble (Y ,p )HO IHElXe
and (Y ,a ) events but be distinguished from them by the reco il range.
As i t  happened there were no w(Y ,p )"  events o f  range less  than 5 cm. or 
M(Y ,a )"  events of range le ss  than 1 cm. None o f the events originated  
outside the X-ray beam. Hence the number of background events due to 
(n ,a ) and (n ,p ) reactions in  the gas is  n eg lig ib le . This reduction in  
background as compared with the (sm all) background found in the nitrogen 
experiment is  to be expected since neutrons o f a l l  energies produced 
background events in the nitrogen experiment while only neutrons o f 
energy greater than 2 Mev could produce background events in the Neon 
experiment. (See l i s t  of Q values in Table 5.3 remembering that the 
coulomb ba rrie r  fo r  a  partic les in neon is  7 Mev). The expected mean 
energy o f the background neutrons (mainly photoneutrons from the lead 
collim ator) is  about 1 Mev.
The nunfcers o f events fo r  each reaction are given in Table 5.4. 
The r e l ia b i l i t y  of the c la ss ifica tion  is indicated by the following notes. 
Events due to the four possible reactions w ill  be either co llinear flags
( (Y ,p ) and (Y#a ) )  or three pronged stars ( (Y f 2a) and (Y,ap)). (Y ,p )
events were distinguished from (Y fa ) events (see Plates 14 and 15) by 
the fact that the proton was much more lig h t ly  ionizing and the reco il 
track (c le a r ly  v is ib le  in a l l  (Y ,p ) events) was very short. The maxi mum 
range o f the reco il fo r  (Y ,p ) events was 2 - ^ / 2  mm. and only four (Y ,a )  
events had a reco il range as short as th is . With the exceptions noted
V
in the table a l l  f la g  events not obviously (Y ,p ) events had the 
appearance expected fo r (Y ,a ) events (though fo r  some the origin  could 
not be c lea rly  distinguished) and were c la ss ified  as such.
(Y ,ap ) events were distinguished from (Y ,2a) events by the 
ligh te r ionization of the proton trackf which was very marked fo r  
protons of 2 Mev or more. Lower energy protons were sometimes s ligh t ly  
more d i f f ic u lt  to distinguish but in these cases the direction of the 
reco il track c lea rly  showed the lower momentum associated with the 
proton track. (Compare Plates 13 and 16). For many o f the stars the 
measurements made la te r  gave an independent iden tification . In every 
case this agreed with the visual identification .
In measuring these events three microscopes were used, one for  
each image, and any uncertainties were c la r if ie d  immediately by inspection 
of the other images. The quantities determined in the measurement of an 
event were
(1 ) The coordinates of the origin  and of the end point o f each 
track. These were used to check that the event originated within the 
X-ray beam and to determine which tracks stopped within the chamber.
( 2 ) The direction in space of each track.
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0 50 ' ' 100 150 Mev
Momentum Unbalance
F ig . 5.5
Momentum unbalance d is tr ib u tio n s  fo r  the (Yf 2a) and 
(Yf qp) s ta rs  in  which a l l  tracks stop in  the  chamber. 
The open histogram  represents the values obtained fo r  
the v is u a l Id e n tific a tio n s  o f the s ta r tra c k s . The 
shaded histogram  represents the sm allest values (one 
fo r  each s ta r )  fo r  any o th e r id e n tif ic a tio n .
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The determination of these quantities from the image measurements mas 
made immediately so that inconsistencies in the measurements could be 
detected and checked. The in it ia l  measurements vere confined to the 
sta r events and (Y ,a ) events.
( i i )  Momentum Balance Test of the Accuracy o f the Star 
Measurements•
Since only charged partic les are emitted in the 
s ta r  producing reactions, the momentum unbalance ( i . e .  the difference  
between the vector sum of the measured momenta of the three partic les  
and the momentum of the incoming quantum) is  a direct measure o f the 
accuracy of the measurements. This was calculated fo r  the 19 stars  
(11 (Y, 2a) and 8 (Y ,ap )) in which a l l  three tracks stopped in  the
20chamber. It  was assumed that a l l  (Y92a) stars were due to the Ne (Y ,2a)
20reaction*. The (Yyap) stars must be due to the Ne (Y fap) reaction.
The values of ihe momentum unbalance are plotted in Fig. 5.5 (open 
histogram). The average value of the momentum unbalance is  21 Ifev/c 
which is  12$ of the average reco il momentum.
The expected range straggling and multiple scattering o f the 
reco il track accounts fo r  most o f the observed momentum unbalance. The 
errors introduced by the cloud chamber analysis are therefore small
20*This assumption is  reasonable since the Ne (Y ,2a) threshold 
is  4 Mev lower than the Ne (Y f2a) threshold and the re la tiv e  abundances 
of the two nuclei are 90.51$ and 9.21$ respectively. As the momentum 
unbalance obtained for any He2 (Y ,2a) s ta r w i l l  be close to the true 
value this assumption cannot a ffe c t  the momentum balance analysis.
(3) The length of each track.
/ IT
compared with these* The average momentum unbalance in the direction  
of the reco il is  approximately twice the average momentum unbalance at 
x i# it  angles (in  the plane of the s ta r ) which indicates that range 
straggling is  rather more important than multiple scattering*
The calculation o f  the momentum unbalance a lso  gave an 
independent iden tification  of the nature of the sta r  event* The apparent
momentum unbalance was calculated fo r  a l l  possible "identifications*1 o f the
/
three tracks, these "iden tifications" being made without reference to 
the appearance of the tracks* For a l l  events only one value of the 
apparent momentum was less than the value allowed by experimental error*
This iden tified  the events uniquely and these identifications  
corresponded exactly with the visual identifications* The second-best 
values fo r  the momentum unbalance are plotted in Fig* 5*5 (shaded 
histogram) and are very c lea rly  separated from those calculated fo r  the 
v isua l identification*
Because of the lim ited amount o f data ava ilab le  fo r  the reco il 
r&nge-energy relations the procedure actually  followed was somewhat more 
complicated than that indicated above* Mr* D.R«0* Morrison had deduced 
range-ene rgy relations for and H15 ions in  neon based on a review o f
a l l  the data ava ilab le  (see D.R.O. Morrisonf Ph.D. Thesis, University o f 
Glasgow). These relations were used fo r  the iden tification  of events by  
momentum balance and this gave a c lea r confirmation of the visual 
iden tification  only s l i^ i t ly  less  marked than that indicated by Fig. 5.5#
Since the reco il energies were known from measurements on the other
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M g. 5.6
Range Qiergy Relations fo r  H15 and c12 ions in  neon* 
A* Range energy relations deduced from previous 
experiments*
B* Range energy relations indicated by the 
present resu lts and used in the analysis*
The experimental points are the ranges found in the 
present experiment fo r  stars in which a l l  tracks 
stopped in  the chamber*
tracks the measured ranges were compared d irectly  with the proposed
range-energy relations (see fig *  5.6)* There was good agreement fo r
B15 reco il ranges* For recoils the measured ranges were within the
uncertainties o f the proposed relation  but consistently higher than the
curve chosei. Since there were good reasons fo r  p re ferring  the new
data**a range-energy re lation  based on these experimental points was 
12adopted for C recoils and the momentum unbalance f  igurea plotted in  
fig * 5*5 were calculated from this* .
The data ultimately required from the analysis o f a sta r event 
was Eyf the total energy release, and E^and the estimates o f the 
excitation energy of the intermediate nucleue through which the reaction  
was assumed to pass* As can be seen from the fo llow ing comments the 
accuracy with which these were determined depended on the number of 
tracks which stop in  the chamber*
(1 ) 2 ♦  R Stars -  a l l  tracks stopped in the chamber* For
these the errors were small since the characteristics of the star were 
determined from the range and direction o f the two fragment tracks*
(2 ) 1 + R Stars -  one fragment track passed out o f the chamber* 
The characteristics o f the sta r  were determined from the range and 
direction of the reco il and the fragment which stopped in the chamber*
The accuracy of the reco il measurement was checked by calcu lating the
12^Fhe proposed range energy re lation  fa r  C ions was based on 
the ranges o f ions of lower energy in other gases* The calculation o f  
the equivalent ranges in neon was somewhat uncertain since part of the 
energy loss is  by nuclear scattering and part by ionization*
Table 5*5 
Estimated Errors in  Quantities 
Determined from Star Measurements
Quantity Measured Type of Star
2 ♦  R 1 + B 0 ♦  E
* * 100 kev 1 Mev 2 - 3  Mev
E* 100 kev 250 k e v ^ 2 Mev
or 1 Mev^2)
Notes -  ( l )  fo r  j-x stopping in  the cloud chamber
(2 ) fo r  passing out of the cloud chamber 
where t  is  the fragment which is  assumed to be emitted second*
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momentum unbalance at r igh t angles to the direction of the fragment 
leaving the cloud chamber* Thirteen 1 + B stare (5  (Y ,2a ) and 8
were analysed in this way* Three other stars in  vhich the 
reco il tracks vere scattered vere rejected because o f a large  
momentum unbalance*
(3 ) 0 + R Stars -  both fragment traoks passed out of the
chamber* The characteristics of a 0 + H s ta r  can be determined from 
the re c o il range and the directions o f  the three tracks* These 
stars vere not measured in the present experiment since9 with the 
accuracy that can be achieved (see Table 5 *5 )9 such measurements would 
add l i t t l e  to what is already Implied by the fac t that die peak X-ray 
energy is  23 Mev*
The estimated errors in  the measurements o f and E* are 
lis te d  in  Table 5*5 fo r  the three classes o f star* These estimates 
are based on the errors in the track measurements quoted above, the 
expected range stragg ling  fo r  protons and a  partic les and the errors 
in  reco il measurements indicated by the mean momentum unbalance fo r  
2 ♦  H sta rs .
2* BESULTS
The approximate integrated cross sections fa r  the reactions 
observed are  given in  Table 5*4 on p ./ ^ ^ *  For the (Y tp ) ,  (Y f2a) and 
(Y ,ap ) reactions these values were deduced d irec tly  from the number 
of events assuming that the mean energy o f the quanta producing these 
events was 20 Mev. The integrated cross section fa r  the (Y f a ) reaction  
was deduced from the energy d istribu tion  discussed below. The fa ilu re
U J
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Ne («,«c) events
: i
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"Ey = Ec+ E*+4-75
Pig. 5.7
Total energy of a  partic le  and reco il fo r  (Y ,a ) events 
in neon. The lower scale gives the energy o f the quanta 
producing the disintegrations, i f  these events are due 
to the reaction Ne (Y ,a )0 *6 (ground s ta te ). The so lid  
rectangles represent events fo r  which both a p a rtic le  
and reco il ranges were measured. The open rectangles 
represent events fo r  which only the reco il range could 
be measured since the a  partic le  passed out of the 
chamber. The shaded rectangles represent events fo r  
which only the sum of the a  partic le  and reco il ranges 
were measured, i .e .  the origin  was not c lea rly  v is ib le .  
In this case there is an ambiguity o f ~  0.5 Mev in  the 
value of + E^.
a y
to observe any events due to other reactions leads to the follow ing  
upper lim its fo r  the average cross sections of these reactions below 
23 Mev. These upper lim its were calculated for the 95$ confidence 
leve l.
He22(Y,<m) <  I n * .
Ne20^ , ^ ) ,  He20(Y,(m ) <  l/5  mb.
Se20(Y ,2p ), He20(Y ,d ), Se20(Y,He3) <  l/4 mb.
The results for the four reactions observed are discussed  
bel ow. .
2 (a )  N e ^ (Y .q ) Reaction.
The total energy of the a partic le  and re c o il, was 
determined fo r  19 (Y ,a ) events and these energies are plotted in  
Fig. 5.7. The error in these energies is  less than 100 kev fo r  those 
events in which both the a partic le  and reco il could be measured and 
from i/g -  1 Mev fo r  those events in which only the reco il could be
measured. Nine events were not measured as the a p artic le  passed out
of the cloud chamber and the origin  of the event was not c le a r ly  
v is ib le  in a l l  three film s. These events have been neglected in  the
follow ing discussion, which a lso  neglects the p o ss ib ility  that some o f
22
the (Y ,q ) events nay be due to the Ne (Y ,q ) reaction. These 
assumptions should not a ffe c t  the v a lid ity  o f the conclusions drawn 
since the discussion is ,  in any case, lim ited to approximate cross 
sections by the small number o f events ava ilab le .
Fig. 5.7 shows that there are very few (Y ,a ) events fo r
table 5.6
2 0Ne~ ( y »aQ Cross Section!
Cloud Chamber Measurement
Levels of Residual Nucleus AVERAGE 
Cross Section
Ey
1 0 * ? 8  cm2 Mev
Ground State ^ 0 . 3 17 -  23
Ground State £ 0 .3 1 0  -  1 7
6 - 7  Mev < 0 . 6 1 6  -  2 3
Ionization Chamber Measurement
by Hay and Warren
Levels of Residual Nucleus Cross Section EY
10-28 cm^ Mev
Ground State 0.50 1 7 . 6
6.06* 6 .lU  Mev 6.7 1 7 . 6
6.91. 7.12 Mev 18 1 7 . 6
Ground State 0 . 8 6 lU .g
6.06, 6 . 11* Mev 1 lU .g
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which Ea  + Eg is  greater than 5 Her. The reactions #iich  could
produce these events are  
Ea + >  12 Mev
Ne^°(Yfa )0 ^  (ground s ta te ) 17 Mev <cE y<  23 Mev
5 Mev <  Ea + < 1 2  Mev
Either N e ^ (Y ,a )0 ^  (ground s ta te ) 10 Mev <  Ey <  17 Mev
or He^0(Y f a)0^ (6  -  7 Mev) 16 Mev c  Ey <  23 Mev,
The cross section data deduced from the numbers of events found in
this experiment is given in Table 5*6.
H°" *9a 20 Hay and Warren (lia 66 ) have obtained He (Y ,a ) cross
sections fo r  a number of states o f the residual nucleus, by 
irrad iating  a neon f i l le d  ionization chamber with Y-rays from the
7
p ♦  L i reaction and measuring the resu lting pulse height d istribution*
Their cross sections are a lso given in Table 5*6* Their cress sections
16for disintegrations leaving 0 in the ground state are close to the
average cross sections found in the cloud chamber experiment* However
16their 17*6 Mev cross section fo r  disintegrations leaving 0 in  
excited states near 6 and 7 Mev is 40 times the upper lim it given by 
the cloud chamber fo r  the average value of this cross section in th is  
energy region* Taken a t  its  face value this would indicate that the
20 i6 *
cross section fo r  He (Y ,a )0  ( 6 - 7  Mev) has a pronounced and very
sharp maximum close to 17.6 Mev* However^the author believes that the 
difference is  more lik e ly  to be due to  experimental error in the 
ionization chamber measurements* The peaks in the pulse height
distribution  at 6*6 and 5*9 Mev, corresponding to a  partic les  
16leaving 0 in  the pairs of states near 6 and 7 Mev, are in fact
unresolved bumps on the high energy side of a large  peak at 4*7 Mev
20
due to the He (Y ,p ) reaction* Hence they could conceivably be
due to some spurious effect* ftiis suggestion is  supported by the
fact that the one a  partic le  peak which is  well resolved, the 12*9
16Mev peak corresponding to 17*6 Mev disintegrations leaving 0 in  the 
ground state, gives a cross section shich is  close to the average cross 
section indicated by the cloud chamber results*
I f  the events with Ea  + ER less than 5 Mev are assumed to 
be due to disintegrations produced by quanta of energy less than 
10 Mev*, then the Integrated cross section fo r  the (Y ,a ) reaction in  
this energy region w ill  be ^  \/z Mev-mb.
2 (b )  Reaction.
This reaction was not studied in any deta il but the 
fo llow ing observations are of interest* Only three proton tracks from
(Y ,p ) events were observed to stop in the chamber* This implies
20that the He*~ (Y ,p ) cross section is  small fo r  quantum energies below
15 Mev* The results of S inc la ir (S i 54) show that the croes section
fo r  the inverse reaction, F^ ‘^ (p >Y )H e^  (ground s ta te ), i s  very small
fo r  proton energies below 1*5 Mev* This a lso  implies that the 
20Ne (Y ,p ) cross section is  small below 14*3 Mev*
There are not su ffic ien t (Y ,p ) events to give a meaningful 
angular distribution* The experimental points suggest an isotropic
*This seems to be most l ik e ly t see discussion on p* <34-
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Fig. 5*8
(a ) D istribution  of the total energy release ( i .e *  E ♦
20 a.
E + E^) fo r  the Ne (Y f2a) stars . The lover energy
gives the energy of the quanta producing theseso
disintegrations i f  they are due to the reaction  
Ne (Y ,2 a )C ^  (ground s ta te ). The energeties show that
stars with E + E + E_ >  6.7 Mev must be due to this 
reaction.
(b )  D istribution  of tfie EL. values obtained from the 
measurements of Ea  + fo r  Ne (Y ,ap) sta rs .
2 / 2 distribution  but the difference from a 1 + s in  © or a 1 ♦  3/2 s in  ©
distribution  i s  not s ta t is t ic a lly  sign ifican t*
2 (c )  He20(r .2 a ) art » « 20(Y .a » ) Reaction*.
The results fo r  these two reactions w i l l  be considered
together* As has been noted (Y 9ap) events must be due to the 
20
He (Y9ap) reaction! (T f2a) events could be due to either the
20 22 He (Y92a) reaction or to the He (Y92a) reaction* These (Y92a)
events cannot be distinguished experimentally and i t  has been assumed
20
that a l l  (Y92a) events are due to the He (Y92a) reaction* This is
22
reasonable since the re la tive  abundance of He is  small (9.21^ compared
20 op
with 90*51$ fo r  He ) and the cross section fo r  He (Y92a) is  expected
20to be less than the cross section fa r  He (Y 92a) (see general 
argument on p* 114- ) • The resu lts discussed below are based on 
measurements on 16 of the 20 (Y92a) stars ( l l 9 2 + R stars and 5,
1 + R s ta rs ) and 16 of the 40 (Y yap) stars (8 9 2 ♦  R stars and 8f 
1 + R sta rs )*
The distribution of E^ (■  E + E + Eg) fo r the (Y92a)
JL £
events is  given in  Fig* 5*8 (a )*  Events with greater than 6*7 tfev
12must be due to disintegrations leaving C in  the ground sta te ; fo r  the
four events of lower energy the residual c12 nucleus could have been
le f t  in  either the ground state or 1he 4*43 Kev excited state* The
12lower energy scale gives the value o f Ey- fo r  events in which the C 
nucleus is  le f t  in the ground state* The corresponding d istribution  
fo r  the (Y9op) events is  plotted in Fig* 5*8 (b )*  In this case the
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Explanation of Shading
(a) ft (6)
Solid rectangles -  both 
values o f ! •  <12 *5  Ker
Shaded rectangles -  both 
r  lues of 1 *  >12*5 Ms*
Open rectangles -  one
value o f I *  <  12.5 Mev, 
one value of I *  >12*5 Ms*
(c ) , (d ) St (e )
Shaded rectangles -  2 ♦  R
events
Open rectangles -  1 ♦  B
events
Jig . 5*9
( * )  t (fc) D istribution o f 1 *(0 *^ ) values (two fo r each 
s ta r ) fo r  ( ^ ,2 *  ) stars (both 2 ♦ K and 1 ♦  R ). ?or 
d istribu tion  (a ) i t  is  assumed that, for a l l  sta rs , the 
residual (A2 nucleus is le f t  in the ground state* For 
d istribu tion  ( b ) ,  it  is  assumed thct the residual C1? 
nucleus is le f t  in the f i r s t  excited state, at U.*V3 Mev, 
fo r  the four stars where this is  energetically possible*
( c ) ,  (d ) D istributions of the E*(01^) values fo r  the 
2 ♦  R, ( y , tfp) stars and 1 + R, ( ^ , * p )  stars*
(e )  D istribution o f R*(F*9) values fo r ( *oCp)
stars*
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values of are uniquely determined since, fo r  a l l  the events, i t  
is  energetically  impossible fo r  B15 to be le f t  in its  f i r s t  excited  
state at 5*28 Mev* These distributions show that the cross sections 
fo r  both these reactions are appreciable between 19 Mev and 23 Mev and
hew.ee that the average cross sections in this energy region are V .
20 20 mb* fo r He" (Y,2a) and ~  1 mb* fo r  Be (Y ,op )* For comparison the
20average cross sections fo r  the Be (Y ,n) (Fe 54) and (Y ,p ) reactions 
in  this energy region are eaoh ~  6 mb*
I f  the neon stars are assumed to involve a leve l of an 
intermediate nucleus, then each sta r w ill give two possible values 
fo r  E*, it s  excitation energy, only one of which is s ign ific an t** .
With the small number of events availab le  i t  i s  not possible to carry  
througi the kind of analysis made of the C ^ (Y ,3 gl) stars (see Chapter 
I ,  p* 38) but, nevertheless, an examination o f the E* d istributions  
leads to some useful conclusions* These distributions are given in  
Fig* 5*9*
The E* distribution for the (Y ,2a) stars w i l l  depend on the
12assumption made about the four events fo r  which Hie C nucleus may
be le f t  in either the ground state or the f i r s t  excited state* In
Fig* 5*9 the distribution has been plotted fo r  the two lim itin g
12assumptions; namely that the C nucleus is  le f t  in the ground state  
fo r  a l l  four events or is le f t  in the f i r s t  excited state fo r  a l l  four
**For the (Y ,ap ) reaction one of these values w i l l  be an 
"excitation energy" of the F ^  nucleus (corresponding to the 
assumption that the reaction is Ne20(Yf p )F ^  (a)K^^) and the other 
w ill  be an "excitation energy" of the CH-® nucleus (corresponding to 
the assumption He2^(Y ,a )(A^  (p )N ^ ) .
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Although the s ta t is t ic s  are very poor these distributions  
strongLy suggest the follow ing conclusions t
(1 ) In the energy region where the (Yfa ) reaction is  allowed 
by the isotopic spin selection  ru les, the emission o f an a  p a rtic le  
from N e ^  does not generally leave the 0 ^  nucleus in the same excited
sta te ** . This is  in contrast to the C ^ (Y ,3 a ) reaction above 26 Mev,
0
fo r  which most a partic les emitted leave the Be nucleus in a leve l at 
16*8 Mev.
(2 ) For a large fraction  of (Y ,2a) stars both values fo r
E*(0^6) are less  than 12.5 Mev. This implies that 0*^ is  le f t  in an
excited state below the f i r s t  T •  1 leve l (a t  12.8 Mev (A j 59)) fo r
20an appreciable fraction  of the Ne (Y ,a ) disintegrations which appear
as (Y ,2a) events***. This resu lt cannot be explained away by assuming
22that the events indicated by so lid  rectangles are, in fact , He (Y ,2a) 
events, since this is  energetically  impossible fo r  four o f the s ix  suoh
* * I t  should be noted that the apparent peak in the E * (0 ^ )  
distribution  fo r  2 + R stars from the (Y ,ap ) reaction could be due to 
instrumental b ias . The probability  o f observing these 2 + H stars  
depends on the probability  that the proton w i l l  stop in the chamber. 
This decreases from 0.62 to 0.14 as the proton energy is  increased from 
1 to 2 Mev. Hence, fo r  (Y ,ap ) sta rs , measured under the conditions of 
the present experiment, a peak in the E#( 0 ^ )  d istribution  at ^  13 Mev 
cannot be regarded as rea l unless i t  appears in the distributions fo r
both 1 + R and 2 + R sta rs .
***For the sake o f definiteness i t  is  assumed, both here and
in  the follow ing discussion, that the sta r  producing reactions proceed
via a leve l of an intermediate nucleus. This seems to be most lik e ly .  
The discussion can always be made quite general by including the 
simultaneous emission of the two partic les concerned as an additional 
alternative .
events •
3. DISCUSSION
The number o f ( 7 , 2 * )  and ( 7,*<p) stars show that* as was 
expected, both the N e ^ ( 7 , 2 * ) and the N e^t 7 , * p )  reactions have 
appreciable cross sections in the region o f the giant resonance.
This result and the observations on the ( 7 , * )  reaction show that 
the general form of these cross sections is in agreement with the
predictions of the isotopic spin selection rules.
20For Ne these predictions are -  at energies below the f i r s t  T = 1 
leve l in N e ^  ( a t ^10.7 Mev) absorption o f quanta ’t i l l  be by JB2 or 
Ml transitions. Ml absorption must lead to the re-emission of a 
If-ray, but, at energies above ^  6 Mev, 12 absorption should lead to 
a ( 7 ,o () disintegration, l " ,  T *  1 states in Ne20 can occur above 
10.7 Mev end these should give rise  to strong absorption. Such absorption 
w ill  produce ( / ,< * ) disintegrations ( i f  E y < 1 3 .5  Mev (s a y ) ) ,  ( Y ,p) 
disintegrations ( i f  13*5 Mev< 3 <  17 Mev) and ( Y ,p ) and ( 7 ,n) 
disintegrations ( i f  E ^ > 1 7  Mev). The cross section fo r  ( 7 , * )  
disintegrations leaving o16 in the ground state or in the excited states 
near 6 and 7 Mev w ill be small at a l l  energies above 13*5 Mev.
The cross section fo r ( Y ,o ()  disintegrations leaving 0*6 in T «  1 
levels should be appreciable above 20 Mev. These disintegrations w ill  
appear as ( I T ,2 *.) or ( 7 ,°<.p) events, (Because the emission of 
o(^partic les from T *  1 states in &  is  inhibited by their 
isotopic spin, i t  i3 expected that* in general, these states w ill  
decay by proton emission: i . e . ,  the (Y  p) cross section w i l l  be 
greater than the ( Y ,20t) cros9 section.)
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events in Fig. 5*9(b).
With this picture in mind it  is  natural to identify  the group
of ( 7  9PC ) events with 5 Mev as disintegrations produced
by quanta of energy less than 10 Mev, I f  this is done then the 
cross section obtained is  a reasonable one fo r  32 transitions.
This can be seen i f ,  fo r  example, the group of 8 events with E^ ♦  Ejj 
between U and 5 Mev is assumed to be due to a single le ve l.
The value o f ^  fo r  this leve l is  then O.H ev which is  equal to 
three Weisskopf units fo r  E2 transitions. Further points of 
agreement between the above picture and the experimental results  
are the small ( Y,o<) cross section at higher energies and the 
appreciable cross sections fo r  the ( 7 ,2 *0  and (^ ,< X p ) reactions. 
The absence of any large groups of oi- partic les or protons implies 
that there are no 1", T = 1 states below 15 Mev in Ne^.
However, since this experiment does not identify the leve ls
in which 0 ^  is  le f t  fo llow ing emission, it  cannot be said
that these results confirm the isotopic spin selection ru les , 
although they are compatible with them. The result that, fo r  a 
fraction of the (Y  ,?*< ) sta rs , the 0 nucleus must be le f t  in an 
excited state below the f i r s t  T «  1 leve l is  an apparent exception 
to this statement. However, as is  shown below, this result is 
consistent with the expected small departures from the isotopic  
spin selection rules due to the coulomb force. Because of this 
force there w ill  be a small number of ( "Y ,oC ) disintegrations which
leave in T = 0 levels at energies somewhat below the f i r s t  
T *  1 leve l* These disintegrations can only lead to ( f  ,Po£ ) 
events* On the other hand disintegrations which leave q1 6 in
T =* 1 leve ls  can lead to both ,P «0  events or (V  »«Cp) events.
11 is expected that these T = 1 states w ill decay by proton emission 
more frequently than by ^-em ission* i . e . ,  fo r  these la t te r  
disintegrations ( Y **Cp) events w ill  be more frequent than ( Y ,?•<) 
events. Hence, although the proportion of ( T , o( ) disintegrations 
leaving 0 ^  in T *  0 levels is expected to be small, i t  can be an 
appreciable fraction of the number of ( Y $2 o( ) events. The value 
of one third required to explain the present results is not 
unreasonable. It  is emphasized that these results do not provide 
positive evidence for the isotopic spin selection ru les. I t  is  
ju st as easy to B*'"'wthat the experimental data is also compatible 
with the assertion that ( 2T 9oC ) disintegrations in Ne do not leave 
in T = 1 levels.
As has been pointed out N e ^  is  the only eC~ partic le  nucleus
lik e ly  to have an appreciable cross section fo r  oL- partic le
emission in the giant resonance region. Unfortunately i t  is  not
possible to determine this cross section at present, since the
IP♦This follows since the residual state of C has T = 0 and 
the emission of an o( - particle is  subject to the selection rule  
Z^T = 0. Necent experimental results (see Aj 59) indicate that, 
fo r the f i r s t  four T = 1 levels in 0  ^ ( a t IP .78, IP . ^ 6, 13*09 and 
13*25 Mev), the probability of decay by proton emission is  
'w 100$, 55$* 30$ and P0$ respectively.
above resu lts do not allow the ( 7,odp) events to be separated into 
w( Y , * ( ) H disintegrations and H( X ,p) M disintegrations. However, 
the argument of the previous paragraph shows that, i f  the isotopic  
spin selection rules are v a lid , then a large fraction  of the 
^0( Y , iCp) events must be M(Y , «0 H disintegrations. Assuming & value 
o f one h a lf for this ratio  then
This is  quite a large value and, i f  confirmed, w il l  provide an 
additional test fo r  any theory of the giant resonance. A ratio  of 
1/8 seems to be quite compatible with eny theory of the giant 
resonance involving the formation of a compound nucleus. As fa r  
as is  known the expected value of this ratio  has not been calculated  
fo r  the Wilkinson theory of the giant resonance (Wi 5 6 )•
The precision of the above conclusions would be improved i f  
the levels of the^^^SSrtkS^ nuclei assumed to be involved in the 
star reactions could be identified . The necessary conditions 
fo r  such an iden tification , with a reasonable number of events, are
(a ) only a few levels be involved and
(b ) the error in the determination of the B* values be much 
less than the spacing between leve ls .
I t  is  c lear from the wide spread of E* values fo r ( / ,£ ♦ ( )  events 
that a number of levels are involved and hence that their id e n t if i­
cation w i l l  require a much larger number of events. The same is
true fo r  the identification  of the leve ls involved in the 
( Y »p) disintegrations leaving F^ -9 in highly excited states.
However, the prospects are brighter fo r  the (Y , a (p )  reaction. 
Although i t  cannot be determined beforehand, it  is possible that 
condition (a ) w il l  be sa t is fied  since the levels involved are 
expected to be lim ited to those with T *  1. The error in the 
measurement of E* depends on the error in the measurement of the 
proton energy and hence condition (b ) w il l  be sa t is fied  i f  ( and 
only i f )  the proton stops in the chamber. For the present 
experiment the range of 5* energies fo r which this was probable 
was very small (see footnote on p. 133)* but this energy range co JLd 
increased substantially  by using a chamber with a greater 
illuminated depth and by increasing the stopping power o f the cloud 
chamber gas. Under these conditions it  is  possible that the 
leve ls involved in the ( X,ACp) reaction would be iden tified  with 
a reasonable number of events. The identification  of these levels  
in 0l6 and o f the corresponding ( 7 ,oC p) events would provide a 
sign ificant test of the isotopic spin selection rules and would 
also provide further information on the ratio (F M( Y *&(.)H/^r,,( Y »p) M 
discussed in  the preceeding paragraph.
Subsequent to the cooipletion of the sbove experiment Komar 
and lavor (Ko57) have published preliminary results from a cloud 
chamber investigation of photonuclear reactions in neon irradiated  
with 80 Mev X-rays. The number of events fo r  each of the reactions
I 3q a.
Table 5.7 
Cloud Chamber Measurement of 
Photonuclear Yields fo r  Neon Using 
60 Mev X-rays (Komar and lavor (Ko 57) )
Reaction No. o f Events
(Y ,p ) 352
(Y,pn) 137
(Y ,2p ) 64
(Y ,2a ) 21
(Y ,ap ) 143
(Y ,5a ) 2
observed is  given in Table 5 . 7 . It  should be noted that Komar and
lavor do not give a figure fo r the number of ( f 9 oC) events
although they state that, ‘♦•••reactions ( f  ,p) and ( T , o() were
distinguished by the ionization density and the tracks of the recoil
nuclei*" Komar end lavor also report that the integrated cross
section fo r  the ( Y tp) reaction is  l 6 0  i  80 Mev-mb* and that the angular
distribution of photoprotons with energies between 1 and 15 Mev is of the
form a ♦ b sin^ 0  with b/a ~  2*5* The integrated ( Y ,p) cross section
found by Komar and lavor is very much la rger than the ( Y ,p) cross
section integrated up to 23 Mev (see Table on P* 1 2 2 b) which
implies that most of the integrated ( Y ,p ) cross section is due to
quanta of energy greater than 23  Mev# The re la tive ly  large numbers
of ( ^  ,pn) , ( r,2p ) and ( )f,p0 () events found by Komar and lavor imply
a sim ilar result fo r  the cross sections fo r these reactions and show
further that the star producing reactions contributes substantial
20fraction of the total photonuclear cross section in Ne •
In a recent private communication Professor Komar stated that they 
have since extended their investigations by studying photonuclear reactions 
in neon enriched in N e^ *  He stated that the results fo r  the star  
producing reactions in N e^  are quite d ifferent to those fo r  the 
corresponding reactions in N e^  but gave no deta ils .
As has been noted the Neon experiment showed that the lengths 
and directions of recoil nuclei could be measured with f a i r  
accuracy and provided quantitative information on the accuracy of
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measurements on stars produced in a cloud chamber by photonuclear 
reactions# This information is summarized in Table 5*5 on P* 127a 
and refers to stars produced by the emission of two charged fragments 
•nd no neutrons. I t  shows that, compared with the accuracy of the 
results that can be obtained by measuring stars in nuclear emulsions, the 
cloud chamber results are much more accurate when a l l  tracks stop in the 
chamber and of comparable accuracy when one or both charged partic les  
pass out of the chamber. Stars from reactions involving the emission 
o f a neutron can only be analysed when a l l  the charged partic les  stop 
in the chamber. The expected accuracy corresponds to that fo r  1 ♦  E 
stars. The consequences of these results w ill  be discussed f i r s t  for stars  
produced by quanta whose energy is only a few Mev above the threshold 
and then fo r  stars produced by quanta of h i^ ie r  energies.
For an appreciable fraction of the f i r s t  group of stars the 
tracks of a l l  charged partic les w ill  stop in the chamber. For these 
stars calculation  of the momentum balance provides positive  
iden tification  for a l l  events and the characteristics of the star ( i . e . ,  
the tota l energy release and the energies and directions of a l l  the 
product p a rtic le s ) can be determined with considerable accuracy fo r  
a l l  reactions*
•Reactions involving the emission of two or more neutrons are an 
exception. However i t  is  expected that, in practice, these reactions 
w ill  not cause appreciable ambiguity since they are lik e ly  to have small 
cross sections. This can be checked d irectly  fo r  a large number of 
these reactions since they lead to radioactive product nuclei.
For stars produced by higher energy quanta one or more o f the 
charged fragments w ill pass out of the chamber. In this case 
measurements on stars from reactions involving the emission of 
a neutron give only a lower lim it fo r  the neutron energy and the 
tota l energy release. Cn the other hand, i f  ( ( Y ,o ( p) and
( Y»2p) stars can be iden tified , then, since 1 ♦  R and 0 + R events 
can be analysed with f a i r  accuracy, the characteristics of these stars 
can be determined over the whole range of quant'um energies in which 
they are produced. Since the Neon experiment has demonstrated that 
( I  ,? •*) , ( I f  p) and, by im plication, ( ^ ,Pp) events can be re liab ly  
distinguished by visual observation this iden tification  can be made 
i f  the three—prong stars involving the emission of a neutron can be 
separated from those not involving the emission of a neutron. This 
separation should be quite straightforward. For stars involving a 
neutron the tracks of the three charged partic les w ill be non-coplanar, 
while fo r  st^rs not involving & neutron the tracks w ill  depart from 
exact coplanarity by a small and calculable amount determined by the 
momentum of the incoming quantum.
The above discussion assumes that the number of events due to 
reactions such as ( 7 ,p a ) , ( )T ,o (d ) ,  ( y ,pt) . . .  is  neg lib le . This 
is  a reasonable f i r s t  approximation. It  should be possible to obtain 
some indication of its  va lid ity  from the number of such events in the 
energy region just above threshold and from the number of events due to 
reactions such as ( Y ,2pn) and (7  >®(pn) in this energy region and 
at higher energies. The numbers of these la tte r  events are almost
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certain ly  related to, and probably la rger than, the number of ( 7 ,pd) and 
( 7 d) events.
The cloud chamber can therefore provide a considerable amount of 
information on the star producing reactions over the whole energy 
range in which they occur. There is good evidence that, fo r  ligh t  
nuclei at energies above the giant resonance, these reactions have 
appreciable cross sections and contribute a good fraction  of the total 
photonuclear cross section but there is  v irtu a lly  no information on 
the energy dependence and emact magnitude of their cross sections.
The absence of this information is  attributable to the fact that these 
cross sections ore not easily  censured by the other techniques which 
have been U3t>d to study photonuclear reactions. Hence a cloud chamber 
measurement of ( 7  »2 p ) » ( Y » p K )  and ( V , 2 ot) cross sections and of 
the y ie lds of other events would be of considerable importance. This 
point is discussed at greater length in Chapter VI (Summary and 
Conclusion).
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Chapter VI 
SUMMAKY ASP CQMCLUS10K
The work described in this thesis has shown that a conventional 
volume defined expension chamber is suitable fo r  use in a cloud 
chamber investigation of photonuclear reactions* As fa r  as is  known 
the track quality obtained has not been bettered in any sim ilar  
investigation. This work has also demonstrated that the cloud chamber 
method gives very accurate results fo r  the energy region in which the 
energies of the fragments can be determined from range measurements* 
and further that the tracks of recoil nuclei can be measured with a 
total error which is  only s ligh tly  greater than the unavoidable error  
due to range straggling and multiple scattering. For ( Y .p ) • ( f *d) 
end ( If ,*( ) events the measurement, of reco il tracks provides the 9aae 
information as a measurement of the curvatures of the fragments in a 
magnetic f ie ld  and has the advantage that a measurement can be made 
on a l l  such events occuring in the cloud chamber, f o r  ( Y ,pn) s^d- 
star events the measurement of the reco il is  an essential part of 
the analysis. In particu lar, measurement of the recoils w i l l  enable 
( T ,2p ), ( Y,pK. ) and ( Y *2 °0  events to be analysed with fa i r  accuracy over 
the whole range of quantum energy for which they occur.
Although its  usefulness was lim ited by the p^&k X-ray energy of 
the available synchrotron, the Helium experiment showed that the
* i .e . , Ep£ 3 Mev, < 12 Mev.
/*2
t44*
cross section fo r  the He^( X ,p) reaction was approximately l/lOth  
o f the value implied, by the existing measurements of the H3(p,2f ) 
cross section and that the measurement of the reco il triton could give 
an accurate measurement of the He^( / #p) cross section up to U5  Mev*
The Nitrogen experiment gave the f i r s t  c lear cut demonstration of 
le ve l structure in photonuclear reactions* the f i r s t  confirmation 
of the principle of detailed balancing fo r photonuclear reactions 
and showed that the N ^ (  T *p) and N ^ (  X ,pn) cross sections have 
shapes which are sim ilar to the giant resonance shape of the ( T *n) 
cross Bection. The Neon experiment showed that the N e ^ ( /  *2^0 and 
N e ^ ( X *0  ^ p) reactions have sign ificant cross sections in the 
region of the giant resonance and that the general features of the 
( V ( T ,2 <<) and ( X 9 pC p) reactions in Ne2 0  are compatible with
the isotopic spin selection ru les. However, since this experiment did 
not identify  the 0 16. T *  1 leve ls which are assumed to be involved* 
i t  does not provide a confirmation of the isotopic spin selection  
rules*
The poten tia lities of the cloud chamber method can be judged by 
considering possible experiments fo r which its  use is either 
necessary or desirable* The follow ing experiments have been 
suggested as a continuation of work described in this thesis.
( l )  A study o f the He^( X *p) and He^( /*n ) reactions using 
range measurements of the recoil tritons and He 3 nuclei to determine the 
energies of the quanta producing the disintegrations. This 
experiment would provide a more accurate measurement of the (y  *p)
cross section up to -v  *+5 Mev pnd ( ^ » n) cross section up to 
~  70 Mev than do published experiments. I t  can he expected to clear 
up discrepancies between these experiments and to determine i f  there 
is  a sign ificant difference between the ( Y »p) ( Y »a) cross
sections*
(? ) An analysis of ,pn) events. As is  explained in
Chapter IV . § 5  the measurement of the proton ranges and of the
IPranges and directions of the associated C c reco ils  can he expected 
to provide the follow ing results
(a ) the respective cross sections fo r  Y ,n)
disintegrations leaving in the following leve ls -  2*36 Mev.
(3*51 3*56 Mev). 6.91 Mev and J.^2 Mev.
(h ) the number (a n d ,if  this is large,the energy 
distribution ) of low energy photoprotons (Kp < 2  Mev) from 
H ^ ( T.p) disintegrations due to quanta in the giant resonance 
region*
Both these results would provide information of a type which 
is  not availab le  fo r  any nucleus^*
(3 ) Further measurement o f N e ^ ( T.oCp) sta rs , using
♦There is  however some information on the cross sections for  
( Y »p) reactions leaving the residual nucleus in particu lar excited 
states. This is lim ited to a few target nuclei -  NaP^(Op 5*0 ,
K ^ (0 p  58a) . 1 ^ 7  and C s ^ ^ (l .F .  Wright -  to be published) -  and 
to a single gamma ray energy (17*6 Mev)* Although it  is conceivable 
that these measurements could be extended to higher energies by using 
monochromatic Y -rays from the p + reaction (o r ,  possib ly , 
monochromatic quanta obtained from positron annihilation in f lig h t )  
such an extension is  d if f ic u lt  and has yet to be done*
a deeper chamber and a higher stopping power than were used in the 
experiment described in Chapter V . , in an attempt to identify  the 
0 * T = 1 levels which are expected to be involved in the
He J ( T , &0 reaction.
An important experiment fo r  which the cloud chamber is  well 
suited is  the measurement of the He3 photonuclear cross sections*
Gunn and Irving (Gu 51) have shown that their shape is  a sensitive  
function of the nuclear wave function and the nuclear size  
parameter* and hence the measurement o f these cross sections w i l l  
provide a good test fo r  the values of these quantities. The 
experimental conditions required fo r  this measurement are quite 
straightforward, as can be seen from the follow ing comments. The two 
possible reactions are
He^( Threshold 5.1*9 MeT
He3( Jf ,2pn) Threshold 7*71 Her
For both reactions the cross sections calculated by Gunn and Irving  
reach a maximum from 5 -  15 Mev above the threshold. Using 
these calculated cross sections, the expected y ie ld , fo r  the 
cloud chamber and synchrotron used in the present work and a He3
p artia l pressure of 1  atmosphere,* is  approximately 1  event per
5 photos fo r  He3( Y and 1 event per ? photos fo r  He3( y ,?pn ). 
Events due to these two reactions are readily distinguished from 
photonuclear disintegrations in heavier nuclei and can be
*At the quoted price of 15 cents/cc. at atmospheric pressure 
the cost of f i l l i n g  the cloud chamber to a pressure of one 
atmosphere is  $900.
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separated from one another by simply measuring the angle between the
two tracks. For the He^( % ,p)H^ reaction, the angle between the proton
and the deuteron is  a characteristic of the reaction since it  is
p ractica lly  independent of the energy of the quantum producing the
disin tegration ,* For the He3( If ,2pn) reaction, the angle between
the two protons is expected to vary over the whole range from
0* -  180*, The energy of the quantum producing a He^( ,p)H^
disintegration can be determined from the energy of either the
proton or the deuteron. I f  a heavier gas is  added to give a total
stopping power equivalent to three atmospheres of a i r ,  deuteron range
measurements can be made up to an energy corresponding to an
E of 25 Mev. The determination of E fo r  a He^(T ,°pn)
disintegration requires the measurement of the energies of both
protons. For the above total stopping power, range measurements
are possible fo r  values of E up to about 15 Mev, H i^ier energy
I
events can be analysed by measuring rad ii o f curvature in a 
magnetic f ie ld ,
A further application of the cloud chamber is to a study of 
the star producing reactions in li^ b t  nuclei. There is  a need for  
more information on these reactions which, with the exception of 
the T ,3°C) reaction, have been large ly  neglected. The 
availab le  experimental evidence indicates that, fo r  ligh t nuclei,
♦The greatest variation with energy is when the proton is  
emitted at right angles to the incoming quantum. In this case the 
angle between the proton and deuteron is within 1° of 1 7 ?° fo r  
quantum energies between 7 and. Mev,
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the crocs section for star producing reactions is  largest at energies 
somewhat above the giant resonance and that, in this energy region, 
this cross section is an appreciable fraction  of the total photo­
nuclear cross section.* Hence a study of these reactions is  lik e ly  
to he a fru it fu l way of investigating the photonuclear process in 
the energy region between the giant resonance and the energies at- which 
the •pseudo-deuteron1 theory of Levinger (Le 51) been shown to be 
appropriate. An advantage of studying star producing reactions is  
that the distribution  of energy between the product partic les can 
provide valuable information on the nature of the reaction. A lso, 
since the energy of any one partic le  w ill  be only a fraction  of the 
tota l energy release, information on these reactions w ill  compliment 
published experimental results on higher energy photoprotons 
(Wh 5 8 , Ch 5 7 ,  Ch58).
As was noted in Chapter V the cloud chamber can provide the 
fo llow ing information on these reactions.
( l )  Accurate values fo r the total energy release and 
energies and angles of the emitted partic les  fo r  a l l  star events in 
the energy region just above the reaction thresholds.
(? ) Moderately accurate values of the same quantities fo r  
( 1 »2p )» ( Y t O )  and ( T ,2oO events produced by Quanta of any
. *See discussion of results of Gaerttner and Yeater fo r C1^, 
r  and 0 ^® 0n p. 19—?2, and of Komar and lavor fo r neon on p . I3f^. 
lavor ( la  5 8 ) has also made a cloud chamber study of the photo­
disintegration of A^' and finds that fo r  this nucleus the integrated
cross section fo r  star producing reactions is very small. This 
suggests that star producing reactions may be less important for  
the medium weight nuclei.
energy.
(3 ) The reaction yields fo r  other star producing reactions 
and quanta of higher energy.
This method can therefore provide a general picture of the star 
producing reactions.
Other methods that could be used to study these reactions are 
the radioactive product method, measurements on stars produced in 
nuclear emulsions, the use of counters in conjunction with a cloud 
chamber and the use of counters in coincidence. The radioactive  
product method is  useful for cross section measurements but does not 
give any information on the distribution  o f energy between the 
product pa rtic les . Another lim itation is  that the reactions which 
lead to radioactive products are inevitably less favoured energetically  
and w ill  therefore tend to have smaller cross sections than the 
reactions leading to stable products. This w ill be especially  true 
i f  star producing reactions involve the evaporation of several 
partic les in cascade. Thus this method cannot be expected to give 
a general picture of the star producing reactions, althou^i it  ought 
to be exploited to the fu l l .  The information i t  provides would be a 
valuable sup lement to that provided by the cloud chamber#
'The nuclear emulsion method has been used in extensive studies 
o f the C1?( Y .3oO and ol6( r ,'4 « )  reactions and has also been 
used to study reactions in L i^ , L i? , B -! and at energies
below 30 Mev ( fo r  discussion and references see Ti 55) » t*1®
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Table 6,1
Nuclear Emulsion Results for (  ^tp°() Integrated
Cross Sections
* r ?5 -  ^0 Mev
1*0 -  5 5  Mev 55 -  70 Mev 70 -  85 Mev
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Note (1 ) The cross sections fo r  H ^ ( y ,p °C ) are approximate
estimates by the author from the energy d istribu tion  
of N1 4  events assuming an integrated cross section  
7*35 Mev-mb fo r  the energy range l y  *  20-70 Mev, 
The English translation (Soviet Phys, «TBTP 7*973 
( 1 9 5 S )) gives this figu re  as 7 * 3 5  Mev-mb fo r
se 3 0 - 8 O Mev but* from the context, this seems to 
be a typographical e rro r.
Table 6,?
Nuclear Emulsion Measurement of the C ^ (  tPt2<< ) 
Cross 3ection by Maikov (Ma 53),
* r 30 -  UO Mev >10 -  55 Mev 55 -  70 Mev 7 0  -  8 5  Mev
0 . 6 U 1.7^ 1.25 0 . 5 U
( X *P*>0 reactions in C^, ^  and. 0 ^  and the C^( 'f fpt2oL ) 
reaction (Li 56, Ma 58). This method is very satisfactory for 
disintegrations ( in the very lightest nuclei) in which the 
heaviest product particle is an o(- particle. However a comparison of 
the results of Livesey (Li 56) and Maikov (Ma 58) for the ( 7T ,po^  ) 
reactions in C^ -2* NlU an(i indicates that it  is less 
satisfactory for reactions involving heavier recoil nuclei. In these 
measurements both Livesey and Maikov separated the C^( X )»
t ,p f() and 0^( 7,poC) events produced in the emulsion by 
a momentum balance analysis using the measured ranges of the recoil 
nuclei. Their cross section results are summarized in Table 6.1 which 
shows that there is a considerable discrepancy between the two measure­
ments. The measured energy distributions for protons and e<-particles 
are also in disagreement. Livesey reports that, for C**2( ^ ,p o() stars 
and <1 Uo Mev, the mean energy of the o(- particles is 5/3 times the 
mean energy of the protons. For the same reaction and the same range 
of quantum energies, Maikov finds that the mean energies of the two 
particles are approximately equal. Maikov suggests that Livesey's 
failure to find any significant number of 0^ ( f  ,p«0 events was due 
to an error in his recoil range energy relations such that 0^6( Y,po() 
events were wrongly classified as H^( X *P&0 events. While this 
may be true it cannot account for a ll the discrepancy since a ll of 
Maikov19 cro33 sections are considerably larger than those reported 
by Livesey. The above comparison implies that one or both workers
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have made large errors in the detection and identification of 
( T , po( ) events and points to the need for a more reliable method 
of studying these reactions.
Because of this difference in detection efficiency these nuclear 
emulsion results were not included in the evidence for the 
conclusion that the cross section for the star producing reactions 
is largest at energies above the giant resonance. For this reason 
it might be noted that, i f  taken at their face value, both sets of 
results are in agreement with this conslusion. In particular Maikov 
finds that the ( #,pp( ) cross sections have maxima at ^  35 and 
appreciable cross sections at higher energies. (See also Maikov*s 
cross section data for C^( Y »pt2 <*) which is given in Table 6.2).
Beid and Turnbull (Re 60) have extended the cloud chamber
method by adding scintillation counter telescopes, placed at the 
side of the chamber, to determine the energy of high energy 
protons produced in the chamber. Their counter telescopes detected 
protons with energies between SO and 120 Mev and these proton pulses 
were used to trigger the expansion chamber. This arrangement was 
used to study the photodisintegration of 0^  ^ between 100 Mev and 
?U0 Mev. The application of a similar technique to stars produced 
by lower energy quanta could be of value for
(1) the analysis of stars involving the emission of a neutron
(2) a more exact measurement of the energies of energetic
protons and p(-particles from ( )f,2p), ( / ,po() and ( Y ,2 ®0 events.
(3) the selection of infrequent events.
The usefulness of this technique will depend on the electron back­
ground in the counters. This background w ill place a lower limit on 
the energy of the protons that can be detected and, possibly, produce 
some uncertainty in the measured value of the proton energy*
Information on this background is not available to the author at the 
time of writing.
Counter measurements of particles emitted in coincidence would 
provide information on the star producing reactions. The use of 
this technique with a I’ igh intensity electron accelerator seems to 
be the ultimately desirable method of studying these reactions 
since this is the only way in which results of good statistical 
accuracy could be obtained. Measurements of this kind have not 
yet been made and therefore it is not known hov complicated an 
arrangement is required to eliminate the effects of the electron 
background. However it  is clear that the experiment itse lf would 
be involved, since the description of a star producing reaction 
requires the measurement of several angular distributions and 
angular correlations. Also, since the recoil nucleus is not detected, 
there may be some difficulty in determining whether a further particle 
is emitted in coincidence with those detected,
From these considerations it  seems clea * that the best approach 
to the study of the star producing reactions in light nuclei, in the 
energy region 20-80 Mev, is to use the cloud chamber method to
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obtain a general picture of these reactions and then to use either 
coincidence measurements of the combination of counters and cloud 
chamber for particular reactions of interest.
Because of the analysis time required, the cloud chamber is 
an instrument for special rather than general use. The above 
discussion shows that there are s t i l l  a number of photonuclear 
experiments for which it is both appropriate and desirable to use 
a cloud chamber.
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Appendix I
SOME REMARKS ON RECENT MEASUREMENTS OF THE He4(T.p) AND Be4(Y.n)
CROSS SECTIONS
There are now a number of measurements of the He4(Y,p) cross 
section and of the (Y,n) cross section, which is expected to be very 
similar. There is good evidence that these cross sections have a 
pronounced maximum at approximately 26 Mev* but there are large 
discrepancies between the values given for the cross sections above 30 Mev. 
The results are summarized in Fig* A l.l and the methods used are as 
follows.
( l )  Gorbunov and Spiridonov. (Go 57), (Go 58a) and (Go 58b). 
These workers measured the cross sections up to 170 Mev for a ll photonuclear 
reactions in helium using an expansion chamber of illuminated volume 30 cm. 
by 8 cm. deep filled  with helium at a pressure of 1.7 atmospheres (not 
stated but can be calculated from ranges quoted in (Go 56a)). The energies 
of the charged particles produced (and hence Ey) were obtained from their 
radii of curvature in the magnetic fie ld  of 5500 gauss. For (Y,n)
*The theoretical implications of this result are of interest.
In a continuation of the calculations of Gunn and Irving (Gu 51) Bransden 
et al. (Br 57) show that, for a variety of types of wave function, 
parameters which give the correct energy for^the (Y,p) cross section 
maximum lead to too small a value for the He binding energy and too large 
a value for the r.m.s. radius of He . In particular, allowance far the 
proton-triton interaction in the final state and for tensor forces does not 
affect this result. These workers suggest that the use of wave functions 
based on a nuclear potential with a repulsive core msy remove this 
inconsistency. I f  this is so it  would be evidence for such an interaction.
A further result of interest is that the shape of the cross section above 
the maximum shows a considerable dependence on the nature of the proton- 
triton interaction in the final state.
disintegrations with Ey less than about 30 Ifev the He recoil nuclei are 
of short range and their energies were determined from the observed ranges# 
For the cross sections not given in Pig# Al#l Gorbonov and Spiridonov find 
that the (Y9pn) cross section (Go 58b) has a maximum at 50 Mev and an 
integrated value (to 170 Mev) of approximately l/4 ^T^^(Y#p), that the 
yield of the (Y,2p2n) reaction is not more than 10?6 of the (Y#pn) yield 
and that the (Y9d) yield is also small (less than 7!fo of the (Y9p) yield)#
(2) Fuller ( Fu 54) used nuclear emulsions to detect the charged 
particles emitted from a helium gas target irradiated with 259 29, 32 and 40 
Mev X-rays# Tracks of photoprotons from the He^(Y,p) reaction were 
identified with certainty when their length was greater than the maximum 
range of the recoil tritons or the particles from other reactions# Hence 
each irradiation gave the He*(Y,p) cross section from the maximum energy 
down to some experimental cut o ff and the cross section from 24 Mev to
40 Mev was obtained from a combination of these four results#
(3) De Saussure and Osborne (De 55) measured the He*(Y,n) cross
3
section from 40 - 160 Mev by detecting the He recoil nuclei emitted from 
a helium gas target with nuclear emulsions# The type of emulsion and
method of development were chosen to give best discrimination between
3
proton and triton tracks and He tracks, which were identified by visual 
exasi nation#
(4 ) Livesey and Main (Li 58) used the same method to measure 
the (Y,n) cross section from 40 - 70 Mev# To facilita te the visual 
discrimination they irradiated the emulsion with a particles from a 
radioactive source placed so that the a particles entered the emulsion at
3
a similar angle to the He tracks hut from the opposite direction* Tracks
3
were identified as He tracks only i f  they were as dense as or more dense 
than the nearest a track*
(5) Ferguson et al* (Fe 54) measured the neutron yield from a 
helium gas target with BF^  counters embedded in paraffin and hence obtaineed 
the (Y,n) cross section up to 26 Mev by the activation curve method*
Preliminary reports without experimental details of cloud chamber 
measurements of the He*(Y,p) cross section have been published by Nicolai 
and Goldwasser (Hi 54) and Reid et al* (Re 56, also private communication 
from J*M* Reid (1959)). The data given by both sets of workers indicate a 
cross section in general agreement with that reported by Riller*
The results below 30 Mev are a ll in agreement within the errors 
expected for the various experiments* The most accurate data in this 
energy range is that obtained from the measurements of the H3(p,Y) reaction 
(Pe 55)* The following comments are relevant to the evident disagreement 
above 30 Mev*
It seems likely that de Saussure and Osborne have included a
3number of proton and triton tracks with the He tracks* Because they
correspond to a lower Ey the number of proton and triton tracks in the
3 *appropriate range interval is some seven times the number of He tracks
P^he results obtained by de Saussure and Osborne for the 
Wo) He reaction are of interest in this connection* This measurement 
was made in association with the (Y,n) experiment using 300 Mev X-rays and 
the same apparatus to measure the He recoil nuclei* Their cross section 
is an order of magnitude greater than that of other workers ((Go 56) and 
(Pa 56)) who used quite different and apparently reliable experimental 
methods* The only obvious explanation for such a large overestimate of 
the cross section is a similar inclusion of proton and triton tracks with 
the (short) He^  tracks*
3
(see Li 58). Because of their procedure of comparison with a nearby 
a particle the measurement of Livesey and Main should be more reliable in 
this respect but i t  is clearly desirable that their result should be 
confirmed by an independent method. The fact that for E^  between 45 Mev
3
and 50 Mev their angular distribution for the He nuclei has a strong 
forward asymmetry not found at higher energies or by other workers suggests 
that their selection criterion nay have varied somewhat.
Gorbunov and Spiridonov obtained their (Yfp) cross section from 
the measured curvatures of both the protons and tritons which were analysed 
independently. The two results are in very good agreement. These authors 
are not prepared to claim that the difference between the (Y9n) and (Y9p) 
cross sections is real. They note (Go 58a) that i t  may be due to errors in 
curvature measurements arising from multiple scattering* or in the
3
correction to the measured curvatures for the energy loss of the He along 
the track length. They promise further measurements at a lower gas pressure 
and twice the magnetic field .
When considered by themselves the (Y9p) measurements of Fuller 
and of Gorbunov and Spiridonov both appear to be reliable and hence the
difference above 30 Mev is an unexplained discrepancy.
4 4For any repeat measurement of the He (Y9p) and He (Y9n) cross 
sections there is a lot to recommend the use of the cloud chamber (since 
i t  is the method by which these reactions can be most clearly separated
*For disintegrations with EL, -  40 Mev and Gy «  90°, the expected 
errors due to multiple scattering (estimated from 1he ^Bethe formula (Be 46)) 
are - proton curvature 4$, triton and He curvature 11$. The corresponding 
errors in Ey are 1.5 and 4.5 Mev.
/ r f
from other reactions) and, with it ,  the method of determining Ey from the
3
ranges of the recoil tritons or He nuclei* Values of Ey determined in 
this way are expected to be more accurate than those determined from 
curvature measurements. For Ey • 40 Mev the expected error for both (Y,p) 
and (Y,n) events is 0.4 Mev whereas the corresponding estimated errors in 
the measurements of Gorbunov and Spiridonov due to multiple scattering are 
1*5 and 4*5 Mev respectively for (Y,p) and (Y,n) events* The energy region 
which can be investigated in this way depends on the stopping power of the 
gas in the chamber* By adding a heavier gas to increase the stopping 
power (Y,p) events up to 45 Mev and (Y,n) events up to 70 Mew could be 
measured with a reasonable total pressure* For a stopping power of four 
times air at N.T.P. (obtained by adding, say, 2 atmospheres of C02) and 
Ey • 45 Mev the ranges of triton emitted at 90°, 0° and 180° tire 6*0 cm*, 
10*1 cm* and 3.0 cm. respectively while for Ey* 70 Mev the corresponding
3
He ranges are 4*7 cm*, 8*6 cm* and 3*9 cm* respectively* As has been 
pointed out in Chapter I I I  (see v*7 (f) the photonuclear events in carbon 
and oxygen are clearly distinguished from those in hcdium and are therefore 
no problem* Such a measurement would determine the (Y,p) cross section by 
an independent method and, since the errors in the two measurements would 
be comparable, show clearly i f  there is a real difference between the 
(Y,p) and (Y,n) cross sections*
EXAMINATION OF THE NITROGEN PHOTOPHOTON SPECTRUM 
REPORTED BY SPICER
As was noted in Chapter IT a measurement by Spicer (Sp 53) of 
the spectrum of photoprotons from nitrogen irradiated with 11.5 Mev X-rays 
is in conflict with both the cloud chamber results reported in this thesis 
and the measurements on the c ^ P . r )  reaction. This appendix seeks an 
explanation of the observed discrepancy by examining Spicer*s nitrogen 
experiment and also his experiments on oxygen and argon, which used the
m
same technique.
Spicer irradiated a nitrogen gas target with a narrow beam of 
X-rays and detected the photoprotons with nuclear emulsions placed to the 
side of the X-ray beam. The gas pressure used ( l  atmosphere) was 
sufficient to ensure that particles from the H14 ( r , a )  and H14 (r ,p n )
reactions would be stopped before they reached the emulsion. The measurements 
made on the proton tracks were the range in the emulsion, the angle to the 
beam direction and the depth in the emulsion at the end of the track. To be 
accepted a track was required to start at the surface of the emulsion and 
have a direction compatible with an origin within the irradiated volume.
The angular range covered was 40° - 140°. The number of background tracks 
was determined in a second irradiation for which the collimator was blocked 
by a lead plug. The photoproton energy distribution was obtained directly 
by allowing for the energy lost by each proton before i t  reached the 
surface of the emulsion and the angular distribution by dividing the observed
Appendix I I
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Pig. A 2.1
Energy distribution of photoprotons from nitrogen 
irradiated with 11.5 Mer X-rays, as measured by Spicer 
(Sp 53).
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Fig. A 2.2
(a) Angular distribution of photoprotons from nitrogen 
as measured by Spicer.
(b) Angular distribution obtained by adding the individual 
distributions of fig . (a).
number of protons in a given angular interval by the appropriate 
geometrical factor, —  » where the average is over the angular
/ 8V *
interval concerned. The energy distribution is given in Fig. A2.1 and
should be cut o ff at 2.2 Mev since protons with energy less than this may
fa il to reach the emulsion. The angular distributions are given in Fig. A2.2.
In this energy interval the energy distribution given by the cloud chamber
and predicted from the inverse reaction is a single sharp peak at a proton
energy of 2.7 Mev. Because of the small number of tracks the cloud chamber
experiment does not give an angular distribution for this peak; the angular
2distribution obtained from the inverse reaction is of the form 1 + sin 0.
Thus both Spicer*s energy distribution and angular distribution are in 
conflict with the other experimental results which are consistent between 
themselves.
It  is of interest to examine the form of the results which would 
be obtained in a nuclear emulsion experiment i f  the tracks measured were 
simply a background of short tracks uniformly distributed in angle. Since 
the correction for the in itia l energy loss is greatest at large and small 
angles and a minimum at 90°, tracks entering the emulsion at large and 
small angles w ill give higher values for the apparent photoproton energy 
than those entering at 90°. Consequently the angular distribution for low 
energies w ill be peaked at 90° while that for higher energies w ill peak at 
large and small angles. The angular distribution of a ll tracks will reflect 
the geometrical correction, i .e .  be proportional to s^ -g . The angular 
distributions obtained by Spicer (Figs. A2.2 (a) and A2.2 (b )) correspond
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Fig. A 2.3
(a) Energy distribution of photoprotons from oxygon 
irradiated by 18.7 Mev X-rays as measured by Spicer 
(Sp 55). The background which was subtracted is 
indicated by the shaded histogram.
(b) The angular distribution of the photoprotons in 
fig . (a ). The line, 56 (1 ♦ cos*#), is Spicer*s 
f i t  to these points.
closely with these expectations and hence his results could be explained
as a background not detected in the background run*
In a similar experiment on oxygen Spicer (Sp 55) used an
essentially identical target chamber filled  with oxygen at a pressure of
1 atmosphere and irradiated with 18*7 Mev X-rays* Jbr this experiment
the background was obtained by measuring tracks which entered the emulsion
within the allowed range of dip angles but came from directions opposite
to those of photoprotons from the irradiated volume* An important feature
of this experiment is that, since the firs t  excited state of M15 is at
5.20 Ifev only photoprotons which leave ir15 in the ground state can be
detected. Hence the photoproton energy distribution yields directly the
cross section and also the reaction studied is the exact inverse of
the N^(pfY)0^(ground state) reaction* The energy distribution found by
Spicer (Fig* A2.3 (a )) has a peak at 2*7 Mev which corresponds to a peak
in the (Y,p) cross section at 14*8 Mev with a maximum value of 4*8 mb*
The photoproton angular distribution is given in 51g.A2.3 (b)*
These results are also in conflict with other data and in
particular with the N^(p»Y) cross section, which has been measured by
Wilkinson and Bloom up to a proton energy of 4 Mev (Wi 57a). They find
no sign of a peak at 2*8 Mev (the proton energy corresponding to Ey ■ 14*8
Mev) where the cross section is less than 10$ of the cross section obtained
from Spicer*s results using the principle of detailed balancing. A number
16of other workers have measured 0 photoproton spectra using X-rays with 
peak energies from 20 - 30 Mev. Their results for proton energies between
2 and 3 Mev are as follows. Milone et al. (Mi 56) detected the photoprotons 
from an oxygen gas target with nuclear emulsions placed directly behind the 
irradiated volume which gave them a large detection efficiency over a 
limited range of angles (90° ^ 115*). They find veiy few photoprotonB
between 2 and 3 Mev, Johansson et a l. (Jo 57) used an experimental 
arrangement similar to Spicer's and made a careful study of the various 
sources of background. They find a peak at 2.2 Mev whose magnitude is only 
one*third that reported by Spicer. Cohen et al. (Co 56) also used an 
experimental arrangement similar to Spicer's and note that, "the background 
was estimated from experimental observations to be small and of low
energy (^2  Mev) and was therefore neglected"• They find a peak at 2.4 Mev 
of magnitude approximately two*thirds that reported by Spicer. Both 
Johansson et al. and Cohen et al. find that the angular distribution for 
these low energy photoprotons is approximately isotropic. All three groups 
of workers reported very similar results for the spectrum of photoprotons 
above 3 Mev.
Spicer (Sp 55a) has also used the same apparatus to measure the 
spectrum of photoprotons from argon irradiated with 22.5 Mev X-rays. He 
finds a photoproton energy spectrum which is peaked at 2.6 Mev with an 
angular distribution of the form 0.15 + sin 0 ( l  ♦ cos ©) which is good 
evidence that the particles measured were photoprotons. The photoproton 
yield in this experiment was 6.6 x 10^  protons/mole/r* and therefore a 
background comparable with the photoproton yield in the oxygen experiment 
(4 x 10^  protons/mole/r.) would have l i t t le  effect on the results.
Taking a ll this evidence together and noting, in particular, the
close similarity between Spicer's results for both nitrogen and oxygen
there seems to be no doubt that in these experiments Spicer has simply
measured a background which he failed to detect in the background
measurements* It  seems likely that this background is present to a
lesser extent in the measurements of Johansson et al* and Cohen et al*
However this cannot be asserted with certainty since these results are
not necessarily in conflict with the N^ 5(p,Y) cross section measurements*
Because of the higher X-ray energies i t  is possible that the photoproton
15groups reported by these workers correspond to protons which leave N 
in an excited state*
Although i t  has not been possible to identify the source(s) of 
this background it  is probable that part of Spicer's background came from 
the walls of the target chamber* Lasich et al* (La 55) used the target 
chamber from Spicer's nitrogen experiment for a measurement of the photo­
proton spectrum from CF^  irradiated with 16*5 Mev X-rays and reported that, 
"Preliminary runs showed that a significant number of tracks recorded came
from the brass walls of the reaction chambers accordingly the latter was
1"lined with graphite g* thick"* However since Johansson et al* were careful 
to eliminate protons from the wall of their chamber, it  is likely that 
there are other sources of background as well*
It is concluded that nuclear emulsion measurements of photoproton 
spectra with moderate or low yields (<10** protona/mole/r*) are liable to 
be in error at the low energy end (E  ^< 3 Mev) and that the methods used to 
date to measure background are not adequate in this energy region.
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ANALYSIS OF CLOUD CHAMBER TRACKS BY MICROSCOPE 
MEASUREMENT OF THE CAMERA FIL1S
This appendix supplements the description of the method of 
analysing cloud chamber tracks used in the neon experiment given in 
Chapter V on p. " t f f .  It contains the analytical formulae used in this 
analysis and a description of the experimental measurements on the 
accuracy of the method.
1. FORMULAE FOR ANALYSING TRACK MEASUREMENTS WHEN
ALL CAMERA FILM PLANES ARE HORIZONTAL
For this camera arrangement the images on a ll camera films 
are projections onto a horizontal plane. The measurements of a track 
image are most conveniently made by using the image of grid vires to 
provide fixed reference points and directions (see set of stereo 
photographs in Plate 13). Hence the formulae for analysing these 
measurements are those relating the coordinates and directions of a 
track to the coordinates and directions of its projections onto the 
plane of the grid vires from the principal points of the camera lenses.
These formulae are given belov in the order and form in vhich 
they vere used for the analysis of the neon results. The information 
required from a track measurement vas
(a) the coordinates of the origin and end point,
(b) the track direction, 
and (c) the track length.
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Fig. A 3.1
Arrangement of the eloud chamber cameras for the Keen 
experiment. P f^ and are the principal points of 
the camera lenses. The rectangular axes (Ox, Oy, Ox) 
define the coordinate system used in the analysis •
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The position of any point within the chamber can be obtained 
with any two of the three cameras. For convenience let these be cameras
1 and 2 and use the coordinate system shown in Fig. 13.1.
Then x ■ U )
y -  yx( i  -  *A )  (z)
z -  ^(1 -  zA )(*2 -  Xj) (3a)
and z -  j j ( l  -  zA )(y2 -  yx) (3b)
Where (^ ty p  an^  (x^y^) are (measured) projections of (x9y9z) onto 
the plane of the grid from P^  and Pg9 the principal points of cameras 1 
and 2 respectively and h9 a and b specify the positions of the two 
cameras since the coordinates of P^  are (0909h) and of PgC-a'-hyh).
Since equations (3a) and (3b) are Independent the relationship
(x2 ‘  *1> “  b<y2 - yl>
• ^{y2 - y^) in the present case, was used 
to check the consistency of the measurements.
A best value for z was calculated using
z -  ^ 1  - ZA )[(X 2 -  xx) ♦ (y2 -  yx j|
Since z/h is small (<  l/lO) this was solved by calculating
“  i*b |^2 - xl ) + (y2- yl>]
Then z ^  z*(l -  z A )
1 (a ) Measurement o f  Track Position ,
Jig* A 3.2
(a) Coordinate system used in the determination of 
track directions* a and 0" specify the direction 
of the track in the cloud chamber* and
are the principal points of the lenses of cameras 
1 and 2*
(b) Projections of track AB on to the horizontal plane 
Z •  ZQ from cameras 1 and 2 respectively.
The formulae for determining the direction of a cloud chamber 
track from measurements with a few cameras are most conveniently expressed 
in terms of a coordinate system (0p,0q,0z) where Oz is vertical and Op and 
Oq are horizontal axes in the plane of the grid wires, with Op along the 
line joining the two cameras.
1 ( b )  Measurement o f Track D irection*
the angle between Oq and the horizontal projection of the track (see 
Fig# 13.2(a)) are given by
and 2; (p,q»z) the coordinates of the track origini h the height of the 
cameras above the grid and c9 their horizontal separation (see fig# l3.2)»
Hence the procedure used when calculating track directions was 
to select, for measurement, the films from the two cameras for which the 
line joining them was most nearly at right angles to the track images#
Then a, the angle between the track and the horizontal and 09
where 0^  and 0^  are the measured angles of the images in the cameras 1
Clearly the values of 0 and a are most accurately determined when 0^  and 
0  ^ are small and are indeterminate when 0^  or 0^  • 90°.
The values o f p ,q ,z,0^  and 0  ^ appropriate to  the pa ir o f cameras chosen
were then calculated from the already determined coordinates and the 
measured angles and the analysis completed as above*
1 (c) Measurement of Track Lengths*
( i )  By Calculation froir Measured Image Lengths •
Since the coordinates and direction of a track had been 
determined the length of the track could be obtained from the length of 
the image in any one of the cameras* The formulae connecting the length 
of the track with ^  the length of the projections from the camera onto 
the plane of the grid are
(6a)
Ce-7 pe L9* 0 f oC C^k. ~
0 ~JL - ' z j
which is useful when cos 0 is large
and
(6b)
4 ^ .6  / -  &
which is useful when cos 0 is small*
In these formulae
oC. is the angle between the track and the horizontal,
the angle between Ox and the track projection from the
. thi  camera,
& the horizontal angle between Ox and the horizontal
coordinates of the track origin,
( X  ^  the coordinates of the track end point,
and (A i  B. the coordinates of the principal point of the lens
of the i th camera*
Since h is large the value obtained for ^  is insensitive to
small changes in the track coordinates and therefore their values need
only be approximate* In particular for recoil and other short tracks
x and y can be used instead of x and y *0 * 0  a
( i i )  From the Length of the Shadov Cast by the Model -
To analyse a track the model was placed so that the
pointer eas in the same position as the origin of the track and the
pointer adjusted until the shadows were at the same angles as the images 
in the three cameras (see Fig* £ 3 , on p. Mqo.)* The length of the track 
could then be obtained from the length of these shadows which were 
measured in the horizontal plane through the track origin* The relationship 
between these quantities is
projection  o f the track,
l  -  £ _ L
L :
(?)
where L  is the length of the pointer, and the length of the shadow
th -ycast by the i  camera in the plane Z - Z0 •
For obvious constructional reasons tracks dipping downwards
( i .e . a  < 0 )  were analysed with the model pointing in the reverse 
direction* Formula (7) applies equally to this case providing the value 
used for a is that appropriate to the pointer (i*e* a  is always positive)* 
Formula (7) is derived directly from the expressions for £ 
and L  in terms of the positional and angular coordinates of the track and 
pointer* These are
where f
Similarly
L  - U  I '  - - x r i r K  ?
2. MEASUREMENT OF CAMERA LEWS DISTORTION 
The lenses used in the cameras were "Ental" enlarging lenses* 
of actual focal length 76 nrnu and maximum aperture f/4*5* The makers 
claim that these lenses should cover a 60 mm* x 60 mm* plate at fu ll 
aperture* The images of the cloud chamber recorded by the cameras were 
circles 4*8 cm. in diameter. For the camera arrangement used in the 
Nitrogen experiment these images were centered on the lens axes* For the
^Manufactured by Taylor, Taylor and Hobson*
Maximum Errors due to Distortion at Various Distances front the
Lena Axis
Distance from 
Lens Axis
Maximum Error 
in Angle
Ma-ylmnm Error 
in Magnification
Upper Limit to Error in 
Coordinates
cm*
'
On Him 
mm*
Equivalent 
distance in 
Chamber 
mm.
2.4 m 0.0456 0.003 0.02
3 l/60» 0.1556 0.015 0.09
3.5 i/feo» 0.556 0.06 0.4
4 iA o* 1.356 0.18 U 1
4.5 1/4* 2.856 0.4 2.4
Neon experiment the centre of the image was displaced from the axis by
1.4 cm. for camera 1 and 2.4 cm. for cameras 2 and 3 ( i .e .  the furthest 
edges of these images were 3.8 cm. and 4.8 cm. respectively from the 
lens axis).
The lenses were tested by photographing a straight edge and 
showed measurable barrel distortion when the perpendicular distance from 
axis to image was greater than 2.4 cm. This type of distortion is produced 
by the displacement of the image inwards from its ideal position by an 
amount which increases with d, the distance from the axis.
This displacement w ill produce an error in the coordinates
deduced from the position of the image and w ill also lead to the following
errors in the other quantities measured in the analysis. An error in
angle which w ill be zero for a track image at right angles to the radius
from the axis or along this radius and have a maximum at some angle between
these. An error in magnification (i .e . track length) which w ill be a
maximum for a track along the radius and very nearly zero for a track at
r i g h t  a n g le s  t o  th e  r a d iu s .  Maximum v a lu e s  f o r  th e s e  e r r o r s  w ere  deduced
from the measured radii of curvature of the straight line images and are
given in Table A3.1. For these measurements the lens aperture was set to
f/ l l9 the maximum aperture used in this experiment. For larger apertures
the errors due to distortion are slightly greater. The errors in
magnification and coordinates were deduced assuming that, as stated in
3optics text-books, the image displacement is proportional to d , although, 
from the observed dependence of the barrel distortion on d, the image
displacement varied as some higher power of the distance* In consequence 
the formulae used overestimated the image displacement but gave a good 
estimate of the error in magnification* No attempt was made to obtain 
more exact figures since these estimates showed that the lenses could be 
used satisfactorily*
Table A3.1 shows that the errors due to distortion were quite 
negligible over most of the area covered by the cloud chamber images. For 
angular measurements the errors due to distortion were always less than 
the errors from other sources. As expected a ll errors increased rapidly 
with distance from the axis and as a result the errors in magnification 
and coordinates were significant at the edge of the image for cameras 2 
and 3. However for any point in the cloud chamber these distortion errors 
were only large for one of the three camera images. Since only two 
cameras were required for coordinate and length determinations a ll errors 
were avoided by using camera 1 and the most appropriate of either cameras 
2 or 3 for these measurements.
It  is worth noting that the makers claim that the lenses w ill 
cover a plate 60 mm. x 60 mm. allows for some distortion at the comers 
of the image and cannot be taken to mean that the lenses are completely 
satisfactory for cloud chamber measurements out to a distance of 4*5 cm.
3. NOTES ON THE ACCUBACY OF THE MICROSCOPE MEASUREMENTS 
The microscopes used for measuring the films were of 
standard design and were fitted  with standard moveable stages and 
goniometer heads. Objectives and eyepiece magnifications were x 2.75 and
Table A5.2 
Errors in Microrcope Measurements
Quantity Measured Error on 
mm
Equivalent 
Error in Chamber
Error due to 
Track Quality*
Position Within Chamber
Horizontal Coord* l/20 mm. l/3 ma. l/lO am.
Vertical Coord. 
Track Direction
1 mm. l/3 mm.
Projected Angle 1/6° 1/6*
Vertical Angle ! • 1*
Track Length
Tracks shorter than
2*5 cm* l/60 mm. 0.1 ma. 0.1 mm.
Tracks longer than
2*5 cm. l/ l2  mm. 0.5 ma. 0.1 ma.
^Expressed as equivalent error in chamber*
x 7 respectively.
The accuracy of the measurements made with this equipment can be 
seen from the errors given in Table A3.2. Par short tracks these 
measurements take fu ll advantage o f the track quality. For longer tracks 
the accuracy is a l i t t le  less than the track quality limit but is always 
as good as the accuracy obtained by reprojection. For longer tracks the 
accuracy of the energy determination is limited by range straggling rather 
than by the length measurements and hence for this experiment nothing 
would have been gained from the slightly greater accuracy with improved 
equipment. The factors affecting the accuracy are discussed in Hie 
following notes.
( i )  Position Measurements.
Positions in the cloud chamber were determined by using 
the moveable stage to measure the distances between the images of track 
and grid wires. The movement of the stage and the track quality enabled 
the eyepiece cross wires to be set on the image of the track origin (for 
example) with an accuracy of l/60 ram. but the verniers with which the stage 
was fitted  only gave its position to the nearest l /20 mm.
( i i )  Angle Measurements.
Tests on proton tracks and straight lines ruled on the 
film showed that the consistency of setting the goniometer head was l/3°. 
Most of this error came from flexing of the microscope mounting.
( i i i )  Length Measurements.
For track images shorter than the diameter of the
microscope fie ld  of view (sligfrtly larger than 4 mm. and equivalent to
2.5 cm. in the chamber), the error in image length is l/60 mm. for proton 
and a tracks and probably s li^ it ly  more for recoil tracks. The figure 
quoted for longer lengths assumes that these were computed from coordinates 
of the end points.
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A CLOUD CHAMBER INVESTIGATION OP
PHOTONUCLEAR REACTIONS IN LIGHT NUCLEI
I .  F . W right
SUMMARY
T h is  t h e s is  d e s c r ib e s  a s e r ie s  o f  experim ents i n  which  
a number o f  pho to nuo lear re a c t io n s  in  l ig h t  n u c le i were 
stu d ie d  by p a ssin g  the X-ray beam from a 23 Mev e le c t ro n  
sy n ch ro tro n  through a W ilso n clo u d  chamber. These exp erim en ts,  
w hich were c a r r ie d  out between 1950 and 1955» were among the 
f i r s t  to use t h is  method. Consequently the t h e s is  d e a ls  w ith  
the r e s u lt s  on these r e a c t io n s  and w ith  the in fo rm a tio n  
o b tain ed  on clo u d  chamber te ch n iq u e .
The f i r s t  ch a p te r o f the t h e s is  c o n ta in s  a com prehensive  
review  o f  the r e s u lt s  o f  p h o to n u cle a r experim ents p r io r  to  
t h is  in v e s t ig a t io n .  T h is  review  shows th a t most o f these  
r e s u lt s  were f o r  (y»n ) re a c t io n s  and th a t th ere  was a need f o r  
fu r t h e r  r e s u lt s  on o th e r r e a c t io n s .  I t  i s  noted th a t a study  
o f p h o to n u cle a r re a c t io n s  in  l ig h t  n u c le i would p ro b ab ly  be 
o f g re a t e s t  v a lu e  and th a t the cloud chamber method should  
p ro v id e  more coraprehensive in fo rm a tio n  than o th e r methods.
The experim ents chosen stu d ie d  the H e ^ Y tP ) re a c t io n , a 
number o f  p h o to n u cle a r re a c t io n s  in  N1* and the ( y 9a ) 9 (Y t2 a )  
and ( y , )  re a c t io n s  in  Ne? 0 .
The in fo rm a tio n  ob tained  on the He^(YtP) r e a c t io n  was 
l im it e d  s in c e  the peak energy o f  the sy n ch ro tro n  was o n ly
- 2
3 Mev above the th re sh o ld  f o r  the r e a c t io n . However t h is  
experim ent showed th a t the H e^(y#p) c ro s s  s e c t io n  i n  t h is  
energy re g io n  i s  ap p ro xim ately  o n e-ten th  o f the v a lu e  deduced 
from the f i r s t  measurement o f the c ro s s  s e c t io n  f o r  the 
in v e rs e  r e a c t io n ,  H -(p ,y )H e ^ . T h is  low er c ro s s  s e c t io n  has 
been confirm ed by subsequent measurements o f both the H e^(y ,p ) 
and H ^ (p ,y ) c ro s s  s e c t io n s .  In  the measurements on the 
( Y , p ) , (y ,p n ),  ( y ta ) ,  (y ,2 a )  and (y ,a p ) r e a c t io n s  were s tu d ie d .  
The range d is t r ib u t io n  o f  p roton s o f energy up to 3 Mev shows 
sharp w e ll-d e fin e d  peaks a t e n e rg ie s  o f 0 . 51* 1*63 and 2.92  Mev. 
These e n e rg ie s  correspond c lo s e ly  to the e n e rg ie s  o f the 
resonances rep o rted  f o r  the C ^ C p t y jN 1^ (ground s t a t e )  r e a c t io n .  
F o r these resonances the r a t io s  o f the c ro s s  s e c t io n s  f o r  the 
(y ,p ) and (p ,y )  re a c t io n s  a re  in  good agreement w ith the 
p r e d ic t io n s  o f  the p r in c ip le  o f  d e t a ile d  b a la n c in g . At 
h ig h e r e n e rg ie s  the fo llo w in g  measurements were mades 
( i )  the (y ,p )  p ro ce ss was in v e s t ig a t e d  by m easuring the 
range d is t r ib u t io n  o f  the 0*3  n u o le l,  ( i i )  both (y ,p ) and 
(y ,p n ) p ro ce sse s  were stu d ie d  by m easuring the numbers o f  
even ts a t  th re e  d if f e r e n t  sy n ch ro tro n  peak e n e rg ie s . These 
measurements showed th a t both the (y ,p )  and (y ,p n ) c ro s s  
s e c t io n s  a re  sm a ll a t  e n e rg ie s  up to 15 Mev and la rg e  in  
the neighbourhood o f 20 Mev. The estim ated v a lu e s o f  the 
in te g ra te d  c ro s s  s e c t io n s  up to 23 Mev f o r  the (y ,p ) and 
the (y ,p n ) re a c t io n s  a re  both ap p ro xim ately 0.02  M ev-barn.
The ( y , a ) ,  (y ,2 a )  and (y ,a p ) c r o s s  s e c t io n s  a re  each about
0.1  m i l l i b a m .  In  a d d it io n  t h is  experim ent shows th a t the 
c ro s s  s e c t io n s  f o r  N * ^ {y,n ) d is in t e g r a t io n s  le a v in g  i n 
the le v e ls  a t  2 .3 6 , ( 3*51 and 3*56 ) f 6.91  and 7 .^ 2  Mev co u ld  
be determ ined from an a n a ly s is  o f (y ,p n ) e v e n ts. Although  
the c o n d it io n s  o f the p re se n t experim ent d id  not p erm it a 
f u l l  a n a ly s is  o f these e v e n ts, upper l im it s  were o b tained  
f o r  the numbers o f (y ,n )  d is in t e g r a t io n s  le a v in g  the
2*36, (3 .5 1  and 3*56) and 6 . 91 Mev l e v e l s .
The fo llo w in g  r e s u lt s  were ob tained f o r  the (y ,cO , ( y t2 a ) 
and (y ,a p ) re a c t io n s  in  Ne^O# For a la r g e  p ro p o rtio n  o f  the  
(y,o.) events the t o t a l  energy o f the 3• p a r t ic le  and r e c o i l  
i s  le s s  than 5 Mev. I f  these low energy even ts a re  a t t r ib u t e d  
to the Ke2^ ( y , a ) G ^  (ground s t a t e )  re a c t io n  then the c ro s s  
s e c t io n  f o r  t h is  r e a c t io n ,  in te g ra te d  up to 10 Mev, i s  
a p p ro xim a tely  * 0 .3  M e v -m illib a rn . Fo r quantum e n e rg ie s  in  
the v i c i n i t y  o f  20 Mev, the average c ro s s  s e c t io n s  a r e :
( y , a )  r e a c t io n ,  le s s  than 0 .1  m il l ib a m ;  ( y , 2 a )  re a c t io n ,  
a p p ro x im a te ly  0 .5  m il l ib a r n  and ( y , a p )  r e a c t io n ,  a p p ro xim a tely  
1 m il l ib a m .  I f  the ( y , 2'0  and (YfStp) s t a r s  a re  assumed to  
be due to ( y , a )  and ( y , p )  d is in t e g r a t io n s  le a v in g  and
F 1' in  h ig h ly  e x c ite d  s t a t e s  then , an a n a ly s is  o f  these  
s t a r s  shows t h a t : ( 1 ) a number o f  0*^ and F ^ ' le v e ls  a re
in v o lv e d  and ( i i )  f o r  a t le a s t  o n e -t h ird  o f the ( y , 2 i )
s t a r s  the i n i t i a l  ( y , a )  d is in t e g r a t io n  must le a v e  in
e x c it e d  s t a t e s  below the f i r s t  le v e l  w ith  an is o t o p ic  s p in  
o f one. S in ce  the nuaiber o f s t a r s  a v a ila b le  f o r  a n a ly s is
was l im it e d ,  I t  i s  not p o s s ib le  to id e n t if y  any 0*^ Qr
le v e ls  and so co n firm  the above assum ption. These r e s u lt s  
a re  com patible w ith , alth ough  they do not p ro ve, the 
p r e d ic t io n s  o f the ls o t o p ic  s p in  s e le c t io n  r u le s  f o r  (y,ot) 
re a c t io n s  in  Ne2 0 .
In  o b ta in in g  these r e s u lt s  i t  was shown th a t the clo u d  
chamber method g iv e s  very  a c c u ra te  r e s u lt s  f o r  the energy  
re g io n  in  w hich the e n e rg ie s  o f the pro to n s and a - p a r t ic le s  
can be determ ined from range measurements and fu r t h e r  that  
the t ra c k s  o f  the r e c o i l  n u c le i can be measured w ith a t o t a l  
e r r o r  which i s  o n ly  s l i g h t l y  g re a t e r  than the u navo id ab le  
e r r o r  due to range s t r a g g lin g  and m u lt ip le  s c a t t e r in g .  The 
t h e s is  c o n ta in s  a d e s c r ip t io n  o f the method developed to 
measure the le n g th s and d ir e c t io n s  o f these t ra c k s  which  
were from 0 .3  to 6 mm lo n g .
The p o t e n t ia l o f  the clo u d  chamber method i s  d isc u ss e d  
in  a c o n clu d in g  c h a p te r which l i s t s  a number o f  experim ents  
f o r  w hich i t s  use i s  e it h e r  n e ce ssa ry  o r  d e s ir a b le .  In  
p a r t ic u la r  i t  i s  noted th at an in v e s t ig a t io n  o f s t a r-p ro d u c in g  
re a c t io n s  co uld  be o f c o n s id e ra b le  v a lu e .
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He (Y,p) d is in te g ra t io n . The t r it o n  stops w ith in  the illu m in a te d  region  
and the proton passes out of i t .
tt '
11
}\ ’
PLATE 1.
Helium Experiment.
4 »
Expansion Chamber C o n d itio n s: -  Gas f i l l i n g  (chamber expanded)
140 cm. helium  + approx. 16 cm. nitro g en and a i r  + water* C le a rin g  f i e l d  
l e f t  on during expansion. X -ray beam 5.8 cm. wide x 4.6  cm. high enters 
chamber through l / 4n t h ic k  g la ss  w a ll.

Helium Experiment.
16 12 0 (Y,a) disintegration. The C . recoil stops within and the alpha
particle passes out of the illuminated region.
*
•vs ,
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PLATE 2*
Expansion Chamber Conditions;- As for Plate 1.
P l a t e  2
PLATE 3.
Helium Experiment.
14/ \Photograph showing two N (Y,pn) disintegrations.
n
C13'  '
Note: Since the neutron and proton are emitted in nearly opposite
12directions the C recoil has very l i t t l e  energy*
Expansion Chamber Conditions:- As fo r Plate 1.
P l a t e  3
" PLATES 4 and 5#
Nitrogen Experiment (low pressure).
(These photographs were taken during some preliminary measurements 
which do not form part of the experiment discussed in Chapter IV).
Plate 4. lP^(Y,p) (or lT^ (Y ,d )) disintegration.
Piste 5. lP^(Y,pn) disintegration*.
The side camera photograph of Plate 5 shows that because o f the large 
ion density along the recoil track some of the ions have been dragged 
out vertica lly  by the clearing fie ld . This "dragging" is not always 
present as can be seen from Plate 4 which was taken about 30 minutes 
earlier end with identical conditions except that the delay between . 
the X-ray pulse and the flashing of the discharge lamps was 100 m illisec. 
for Plate 4 and about 150 millisec* fo r Plate 5*
Expansion Chamber Conditions:- Gas f i l l in g  (chamber expanded)
21 cm* nitrogen + 21 cm* helium + water* Clearing f ie ld  (approx. 25v/cm*) 
le f t  on during expansion. X-ray beam 10 cm* wide x 2*5 cm. high enters 
chamber through 0*090" Perspex window*
VTop C a m e r a
P l a t e  4
S i d e  C a me ra
Top  C a m e r a
P l a t e  6
PLATS 6.
Nitrogen Experiment.
Photograph showing N14(Y,p) (or N14(Y ,d )) and N14(Y,pn) disintegrations 
with enlargement showing detail of the former. This recoil track is
1.8 mm. long.
Expansion Chamber Conditions:- Gas f i l l in g  (chamber expanded)
106 cm. nitrogen + water. Clearing fie ld  on at expansion. X-ray beam 
10 cm. wide x 2.5 cm. high enters chamber through 0.090" Perspex window.
Nitrogen Experiment*
14/ \ ’K (T>p) disintegration in which the proton stops in the chamber
13(S = 2.7 ITev.). The C recoil can be seen on the end of the track 
v P '
near the centre of the chamber.
Expansion Chamber Conditions:- Gas f i l l in g  and X-ray beam as 
Plate 6. Condition of clearing f ie ld  during expansion - not known.
HATE 7.
P l a t e  7
PLATES 8 and 9* -
Nitrogen Experiment*
Plate 8* F^4(Yf2a) Li^ disintegration* ’
Plate 9* N^ 4(Y,pn) disintegration in which the proton stops in the
chamber* . '
Expansion Chamber Conditions:- Gas f i l l in g  and X-ray beam as 
Plate 6. Clearing f ie ld  probably turned o ff during expansion*
tf
V
• J»* / j  J
*4 - ‘ ‘ - V  *
*  . • , -  A  v  v ? , '  q  
*• *  '  ' ■ - *  " 
- . * *  *  • 5  f  *  '
-  :  . r ?  '■ J 
*
( i  •
■ *+
*  1
L . ,  X - ' v ; ?  1
1 1 . * .  >  * *• w v  > A l t V  « V . >  '  S  J  ' 1 1
."■ ■ ■  .■ }  .  •  v - .  • ’
• . /  ■ ■ * r  '  '► • S, 
. i  i  • • • - ■ ■ .  ■ - 
- ■ '
• 4  ■
•
*t i  .  * *  V
V  -
\
\
/
P l a t e  8
t
y
P l a t e  9
PLATE 10o 
Nitrogen Experiment.
Set o f stereo photographs showing the way in which the ions along the 
recoil track my he dragged out vertica lly  when the clearing fie ld  is 
le f t  on during the expansion.
Expansion Chamber Conditions;- Gas f i l l in g  and X-ray beam as for 
Plate 6. Clearing f ie ld  le f t  on during expansion.
S i de  C a m e r a
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, PLATE 11. ■ '
. Nitrogen Experiment#
Set of stereo photographs showing the sharpness of the recoil track 
when the dea ling fie ld  is turned o ff during expansion* ITote the 
reduced contrast between reco il and proton as compared with Plate 10#
Expansion Chamber Conditions:- Gas f i l l in g  and X-ray beam as 
Plate 6# Clearing f ie ld  turned o ff during expansion#
S | d e  C a m e r a T o p  C a m e r a
Side  C a m e r a
4 0  mi l l i sec .
5 0  mi l l i sec .
5*5" rnilIi s e c s
PLATE 12#
Neon Experiment*
Variation in track quality with varying expansion chamber - synchrotron 
delay. Details on following page.
45" m i 11 i s e c-
70 mill is e c . 7S m i l l i s e c .
PLATE 12.
Neon Experiment*
Continued from preceeding page. ,
Oeries of photographs showing the variation o f track quality with the 
delay between the triggering of the expansion chamber and the arrival 
of the X-ray pulse*
Expansion Chamber C o n d i t io n s Gas f i l l in g  (chamber expanded)
87 cm* neon + \vateri (For these photographs the chamber contained no 
oxygen)* Clearing f ie ld  le f t  on during expansion* X-ray beam 10 cm* 
wide x 2.5 cm* high enters chamber through 0*090" Perspex v/indow*
P l a t e  13
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PLATE 13.
Neon Experiment,
20,Full chamber and stereo views of Ne~ (Y,2a) event. This illustrates 
that the neon tracks were perfectly sharp from a ll  positions of viewing.
Expansion Chamber Conditions:- Gas f i l l in g  (chamber expanded)
87 cm. Neon + 1 cm. Oxygen + water. Clearing f ie ld  turned o ff  during 
expansion. X-ray beam 10 cm. wide x 2.5 cm. high enters chamber 
through 0.C90" Perspex window.
IPlate 14
PLATE 14.
Neon Experiment,
Ne(V,p) disintegration.
Expansion Chamber Conditions:- As for Plate 13,
P l a t e  15
PLATE 15.
Neon Experiment.
20Ne (T,a) disintegration. 
Expansion Chamber Conditions:- As for Plate 13
iPLATE 16.
Heon Experinent.
20Ne (Y,cp) disintegration in which the proton is scattered hy  a 
nucleus in the gas before coming to rest in the chamber*
&  .
Expansion Chart;er C on dit i  ons:- As fo r Plate 13*
Plate 16
